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I’vBfrrlmed  from  the  November  1953  iraur 
of  the  Welding  Research  Supplement 


^ An  investigation  of  the  resistanee  of  hntt-ivelded  and  unwelded 
struvtural  beams  to  impart  loads  at  h>w  wititer  temperatures  in- 
cluding relative  behavior  of  semikilled  anti  fully  killed  steels,  low- 
hydrogen  versus  ordinary  elect nules,  with  anti  without  cope  holes 


by  illiam  J.  Krefeld  and  (ieorge 
B.  Anderson 

Thi.i  invr.xti(!:itinn  ((rimnrih  nuiconicil  Witli  (In-  r 

iiud  traiisitinn  temixTiilurrs  nf  .it nu  turiil  itixd  ^(l■.•ln^1.  rompii.n  il 
of  w-inikill<'i|  iiinl  fully  killnl  itcfli  iin<l  fiilirir.-itnl  «itli  luitt- 
weldfcj  i|ilii  ci.  Static  and  impact  (c.iti  on  l(i-iii.  U I'  Tl-ll> 
lx>ami,  ill  iidditiiiK  (n  coidirmimj  tlic  favoraldo  effect  of  .Hliimim>!ii 
deoxidation  in  lowcriiii;  the  traniition  temperature  of  llie  ns- 
rolled  liasi'  metal  indicateil  Ky  ( li.upi  teiti,  fiirniilied  inforiiia- 
tion  on  the  relative  lieli.avior  of  tin-  two  cradei  ol  iteel  with 
uplices  ai-wcliled,  weldeil  and  "Itrcii  relieved"  and  when  weMed 
with  preheat.  The  inthieiice  of  theie  treatnienti  w.ai  evaluated 
hy  increment  drop  impact  teiti  on  heami  wehled  with  I'.liOl  I mid 
Kii020  clectrodei  Similar  mpplenienlaiy  teiti  on  iMaimi  com- 
pnieil  of  lioth  ileeli  when  weldeii  with  low-h\ ilro^jeii  eleciroile' 
ii.i-weldcd  and  with  preheat,  liirniih  compalative  data.  Other 
data  deali  with  the  character  ol  fracture  and  the  elTeei  ol  tlaiiie- 
ciit  holci  in  the  heaiii  well.  The  inlliienee  of  a ihaip  notch  at  a 
critical  location  in  an  unwelded  licam  and  the  tendency  of  crack 
propagation  are  indicated  hy  the  rciiilti  of  iiipplementiiry  teiti. 

Thii  inveilination  wai  conducted  hy  the  Civil  KiiKim-criiiK 
Re.icarch  lailioratoriei  of  Coliimliia  rnivcriity  imdci  the  joinl 
ipoiiionliip  of  tlic  Oflice  of  Naval  Keiearch,  ('ontiact  No.  N'li- 
onr-271,  T.O.  7 mid  the  \Ve|i|iii)i  Keiearch  ( 'oiincil  of  the  l ai»ti- 
neering  I'oiinilatioo,  ineicr  threct  iiiiiervi.iion  of  tlic  otriii  tiiral 
Steel  Hcicarch  Conmiitl the  Weldiliit  l{eieareli  ( 'oiincil. 

IM'RODl  (,TIO\ 

TH1‘!  pmseiit  im  c.stiKatiou  is  jui  (‘Xtoiisimi  oC  provimi.s 
('xporiiiKMital  .sttidit's"  of  tho  iiciiavior  of  lioams  willi 
lnitt-\v(>l(io(i  splicos  tiiidt'i'  impact,  wliicli  dealt  with 
the  pos,sililc  cmmilative  etTi'ct  of  icsidiial  stro.s,ses  at 
strain  rates  associated  witli  impaet  loadiiif!;,  Ue,si(liial 
stre,sses  of  coiisideralile.  maKiiitude  were  fotiiid  in  the 


Willtam  J.  Krefehl  i**  ProfuAtfor  ot  Civil  Uin'riur  of  Kmrnrrli. 

Mutoriuln  Lulkoriilory.  ('otiiiithm  IfiiivorNily,  Ni*w  Wirk,  N V..,  ttiul  George 
B.  Anderaon  in  U«‘H«‘iin'li  AHnoeijilr.  nr|mr(ini‘ii(  of  C'ivtl  Kiixtin>f*rinR. 
( 'oltKuliiu  I’ iMviTsii.v.  Nfw  ^'i>rk,  N-.  Y. 

‘I’t'vliiitfiil  Uf|*or(  (o  (Ilf  Ofiiff  of  NhviiI  IlfMfurfli  ami  Ifm  WfMiiiK  Kp- 
M'HU’ji  (’Huiifil  of  ihf  I'laxtoffriiix  KiMtiulatioM,  Oiriro  «if  Naval  Hi»4f;iri-ii 
(’nnliufC  \(l-onr -27 1 -I"  ( ),  7,  ( ’ t "•  l-o.'t-C  i N IC27 1-( ’,  K,  19eVI 


\icinity  of  tlie  weld,-  which  lowered  the  apparent  pro- 
portiotial  limit.  There  was  im  evidence  of  any  adverse 
efTect  upon  the  ultimate  Iieliaxinr  of  the  Iream.s,  whieh 
ihweloped  refusal  loads  Iiy  lateral  liiickliiifc  or  weh  erip- 
jiIiiiK.  w ithiiiit  fifictme.  at  the  test  temiM>nittire  of  -+-70° 
K.  A limittsl  iimnlier  of  tests  coiuhicterl  at  —40°  F. 
howexcr,  resiilttsl  in  complete  lirittle  fractures  through 
the  welds. 

The  investigut ion  here  nu  ordeil  wiis  intenihsl  to  de- 
termine the  low  temjreratuie  performance  of  hutt- 
weliled  lieams  miiler  iinptict  loading,  which  afforded  a 
ciimjiarison  of  the  lelatix'e  siiitahility  ot  two  grades  of 
strnctnral  steid  and  the  influence  of  thermal  treatments 
of  the  weldments,  'I'he  testing  temperatures  rangerl 
from  +-7l)°  !■'  to  — 11.')°  F which  permitteil  determina- 
tion of  the  critical  lemjierutnre  of  transition  from  the 
normal  ductile  t>’pe  of  linckling  failure  to  failure  by 
hrittle  friictim*. 

The  beams  were  rolled  from  heats  of  semikilled  and 
silicun-ahnninum  fully  killetl  steels,  Charpy  and  Kahn 
tests  indicati'd  lower  transition  temperatures  for  the 
fully  killed  a,s-rolled  base  metal.  In  order  to  deter- 
mine the  I'tTects  of  welding  procedure,  tests  were  <“on- 
d'licicd  nil  iieiiin  s|)eiimens  in  which  tin*  weldments, 
made  with  KtUllI  and  K6O1IO  electrodes,  represented 
three  treatments;  namely,  (ll  as-welded,  (2)  welded 
and  stress  relieved  by  postheating  the  entire  welded 
beam  to  1150°  F for  2 hr,  followed  by  furnace  cooling 
iti  500°  F and  final  air  cooling  and  (3)  weldeil  after  pre- 
lu'ating,  with  interpa.ss  temperatures  of  350-400°  F. 
Supplementary  specimens  of  both  base  metals  were  fab- 
rieateil  with  low-hydrogen  (K0016)  electrodes,  both  with 
and  without  preheat. 

The  low-temperature  properties  indicated  hy  labo- 
ratory tests  are  influenced  by  the  method  of  loading, 
genmetry  nf  the  ,specimens  and  associated  strain  rate. 
In  dealing  with  the  material  in  a rolled  seidion,  the  re- 
,siilts  of  small-scale  tests  are.  further  complicated  by  the 
xarialion  of  imiperties  according  to  location  in  the  sec- 
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lion.  Similiiily,  a (•niii|)!iri>on  nt  tlu'  iiillnciH'c  <>f 
wt'liliiiH  involvt'.'i  tlic  rcliitivi'  (•(inliiin  latcs  of  larnr  and 
fiinall  spocinuMis.  Tlic  iiitcrprrtat  ion  of  test  rcMill?< 
ficiiu  full  size  wi'ldmi'iits.  llioii}<;li  satisfying  uiili  rcsiM-ci 
to  piirticiilardi'sijrii  application,  has  limitations  for  ncii- 
oniliztMl  corri'lalion  purpo.scs  due  to  the  iiitlncncc  of 
individual  fahricat ion  ri'(|iiiicmcnts,  nut  ut hci  >vi.s«- 
repriKlui'ihh'.  Fur  I'.xampli'.  the  heain  spcciineiis  used  in 
(he  presc'iit  studies,  laitt  welded  aeeurdiii);  to  a sjH'ei- 
fit'd  proeediire.  ineliide  holes  in  the  weh  adjacent  to 
hath  flannes  to  facilitate  the  welding  of  the  Hanses. 
The.se  flanie-eiit  holes  introdneo  local  strain  cuneentra- 
(ion.sandindeternnnatestrain  rates.  In  elTect.  the  speci- 
men iiiehides  tin  internal  notch,  euinplicated  hy  the 
fact  that  the  weh  weld  terminates  at  this  notch.  Nev- 
ertheless. tlie.si'  h(>ams  represent  a practical  - type  of 
welded  splice,  whose  hehaviur  is  of  interest  tu  the  de- 
sijjttitin  etinitieef,  atid  alTord  cotttparisuti  of  the  relative 
snituhility  of  the  (wo  stt'cls  and  welding  treatments 
tinder  the  .satne  design  cunditiuns.  liniited  nntnher 
of  additiottal  eunipiinitive  tests  were  tnade  uii  a modi- 
fi(Hl  splice  desi^tt  elintinatitiK  the  weh  holes. 

It  was  eutisidered  desirahle  tu  proceed  first  witli  a 
.series  of  “.static”  lojid  tests  with  the  hope  of  (hMerniinitiK 
the  relative  low-teinperadire  perfurmaiice  without  elah- 
ttrat(‘  itistrittnenttit  ioti.  However,  (he  te.sts  tnade  uti 
heatns  of  both  steels  atid  <lilTerent  t reat  tnent  s at  — I 15° 
F were  itieotichtsi vi>  lu'canse  all  faihtres  were  eait.'-ed  by 
biiekliriK.  It  was  apparetit  that  the  detertiiinatiutt  of 
the  relative  tetidency  to  fitilitre  by  brittle  fraetitre  re- 


(ptired  either  lower  testiti^  tent|)(‘ratiires  or  higher  strain 
niles.  The  loweritig  of  the  temperature  below  —115° 
F Would  have  reiptin'd  a more  elaborate  refrigeration 
proeediire.  The  tt'stitig  under  higher  strain  rates  hy 
increment  drop  inijiact  tests  were  adopted  for  further 
studies.  The  testitig  jirocedtires  and  results  of  both 
“static"  (low  straiti  rate)  atid  inipaet  tests  are  recorded 
in  the  following  di.seiissioti. 

MATERIA  L.S 

'I'hi'  betims  itst'd  for  tlie.se  tests  were  16-iii.  \VF'  71-lh 
sections,  prepared  by  butt  vveldittg  two  7-ft  lengths  to 
fortn  a beatn  14  ft  long,  for  te.sts  on  a 12-ft  span.  The 
niaterijils  frotn  wliieli  these  beams  were  rolled  repre- 
sented ( wo  typivs  of  steel ; tiamely,  ASTM  A7-46,  semi- 
killed  steel  I Heat  atid  ASTM  .\7— 46.  silicon- 

aliimininn  fully  killed  steel  (Heat  35J272).  Through 
the  cooiietation  of  the  Bethlehem  Steel  Co.,  a eomplete 
hist  of  the  matmfaetiire.  fabrication  and  physical 
properties  wjis  recordtsl.  A .summary  of  the  melting 
pra-tice.  mill  practice  atid  fahrieatioti  procedures  as  re- 
ported by  the  tnatiiifaetitrer  is  giveti  in  the  Appendix. 
These  heats  jirovided  5t)  .seniikilled  and  100  fully  killed 
beams.  14  ft  lotig.  for  this  investigation. 

The  reiiofted  chemie.al  analysis  for  these  two  steels 
is  shovvti  in  Ttibh*  I . 

It  Wits  the  intention,  in  planning  these  tests,  to  in- 
clude stenctncid  grtide  steels  having  appreciable  differ- 
ences in  low-t(>ni|)(>ratttrc  properties  as  indicated  by 
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com  oill  ioillll  siiiall  sp(M'iiiirn  li'sl.s  in  order  lliai  llie.se 
idiMil  ilyiii;'  properlies  luinlil  lie  eominired  willi  the  lie- 
li!i\'i(ir  of  fvill-seale  weldineiils.  'fin'  iiropeilies  reeordeil 
iiieliided  tlie  sliiiuliird  tensile  iiroiierl ies  ol  various  lo- 
cal ions.  ( ’liai'iiy  \ notch  and  keyhole  not  cl i inipa'  t t ran- 
sition  data,  and  the  results  ol  Kahn  tear  tests.  1 hese 
proiK'i'l  ies  wi'i'e  delerinineil  troin  specimens  taken  Itoiii 
till'  rolh'd  heains  and  represented  holh  as-rolled  nia- 
l('fial  and  material  after  si res.s-relieviiit'  treatment  at 
IIoO°  1'  for  ' ■:  hr.  .Additional  static  tensile  tests  were 
made  to  defiMiiiiiie  theelTect  of  tern  petal  me. 

Talih'  - records  the  residls  of  standard  tension  tests 
on  flat  specimens  takni  from  \arioiis  locations  of  the 
well  and  lianjje.  These  results  indicate  higher  yield 
point  :md  nllimali'  slreii(;ih  for  the  fully  killed  steel, 
without  tippri'cialde  ditTerence  in  cloni;atioii  The 
yield  strength  was  lowest  for  specimens  taken  troin  the 
well  adjacent  tolhelillet  lor  hot h steels.  1 he  iii'oper- 
lies  do  not  appi'ar  to  he  apineciahly  alTccicd  hy. stress- 
relieving  t H'at  limit . 

('oinparat i\'e  Charpy  and  Kahn  tests  were  made  at 
the  mill  on  specimens  taken  from  the  weh  ahotit  midway 
hetween  tlu' fillet  and  ceulerline.  Hecaii.se  ot  the  char- 
acter of  fracture  of  the  wedded  heams  it  was  ol  interest 
to  in\'('st iuate  tin'  variation  of  low-tempeniltire  prop- 
erties hy  additional  Cluirpy  tests  on  specimens  tiikeii 
from  the  (*<lge  ami  center'of  the  llanttes  ati<l  iieur  the 
fillet  ami  centerline  of  the  wtdi.  .Ml  s|M‘cimen.s  were 
taken  in  the  direction  of  rolliiitj  with  not  (dies  on  .sides 
porpeiidicnlar  to  the  oritjinal  siirfime.  The  resiilt.s  nl 
the  ('harpy  and  Ktilin  tests  are  shown  in  i'iK'  1 •• 


riiese  cinwcs  indicate  that  the  alirniit  decrea.se  in  frac- 
ture energy  occurs  lit  higher  temperal tires  for  mate- 
rial taken  near  the  fillet  in  lioth  the  Halite  ami  widi.  Tin 
cniwes  for  materiiils  taken  from  flic  weh  hetween  the  fil- 
let and  eenleiliiie  show  intermeditite  energy  \alues  ex- 
cept that  in  all  cases  Ciirve  o iiccordinjj  to  data  snli- 
initled  in  the  mill  report  .shows  considerahly  lowei 
energy  ahsorplion  tit  the  hitsher  temperatures.  Thii 
may  he  :i  miii  hiiie  idTect,  possililv  ihic  to  ndati\'e  rinid- 
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itre.s  of  iho  machiiu>>  or  supports  which  wdukl  hiivc 
less  iiifliieiK'c  iit  the  lower  fracturing  energies.  The 
energj  values  at  the  higher  temperatures  an*  not  sig- 
nifieant. 

The  transition  tem|H*ratnres  <leri\  e<l  from  the  (’liarpv 
tests  arc  shown  in  Table  3.  These  teni|)eratures  are 
arbitrarily  ba.s<Hl  on  the  10  ami  20  ft-lb  Uwels  for  the 
keyhole  noteli  and  on  the  lo  and  50  ft-lb  levels  for  the 
•Standard  V notch.  (Values  at  a coiunuin  15  ft-lb  le\ol 
are  given  for  comparison.)  The  tabulatetl  \ ahies  .show 
considerable  spread  for  both  types  of  notch  <lepending 
upon  Im  ation  of  the  specimen,  amounting  to  about  20° 
F for  the  semikilletl  steel  atul  aboitt  40°  F for  the  fulb' 
killetl  steel.  I'nder  the.se  circtititstaitces  a defitiite  value 
of  trattsition  tetu|>erature  caitttot  he  twsigtied  to  either 
as-rolled  steel  bttt  cotnpari.soits  cati  be  ttiade  of  values 
at  similar  locatiotts  iti  the  beam.  'I'he  fttlly  killeil  steel 
has  trattsitioit  tetnjM’ratttres  liasrsl  on  the  <Titeria  shown, 
about  50  to  75°  lower  thait  the  .srmtikilled  sttsd  depetid- 
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ing  on  loeatioJi.  It  is  evident  that  the  .silieoii-alumi- 
num  deoxidation  has  decreased  the  notch  sensitivity. 

The  greater  spreaul  of  \ alues  indicated  for  the  fully 
killeil  steel,  particularly  when  based  on  the  higher  en- 
ergy level  criterion,  is  jjerhaps  due  to  the  character  of 
fracture.  In  this  st«*l,  the  fractures  included  nunier- 
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Plofp  I h'rarturr  n/  CJtar$i\  :tp4*4'int*>tt  fimturr 

tills  fissmos  w'liich  opcMctl  pcrpciuliciilHr  to  thi-  diriH.-- 
tioM  of  the  iiotfh.  'I'heso  fissures  were  foiiiul  in  all  th(‘ 
fibrous  fractures  (hinber  temperatures),  one  of  wliieii  is 
shown  in  Plate  1.  In  the  inli'iineiliate  transition  ranne 
sonu>  fi.ssnres  openod  across  a liramilar  area  and  the 
fraeturo  hoeamo  fibrous  imniediatelv  adjacent  to  the 
fissure.  Probably  due  to  lack  of  lateral  re.straint 
f'ausetl  by  theoiiening  of  the  fissure,  a more  ductile  local 
fracture  residted.  'I'liese  fissures  were  luo.st  pronounced 
in  -speeimens  taken  from  the  center  of  the  web  and  only 
oeca-sioualh"  in  fnictures  of  s()eeimens  taken  from  the 
erlge  of  the  fiance.  .\t  lower  tem[)eratnres.  mixed  re- 
Jtults  from  a uronp  of  s[)eciiuens  showed  that  the  pres- 
ence of  fissures  raised  the  enerK.v  value  from  4 to  25  ft-lb. 
■\t  higher  teniperatiir«*s  no  relative  t allies  are  available 
since  all  specimens  tlevi'loped  fissures,  but  the  curves 
for  both  notches  indicate  that  the  energy  values  were 
lowered.  T'his  opposite  effect  of  fissures  on  the  energy 
absorbed  when  large  plastic  deforniiitions  were  jiro- 


dueeil  at,  these  higher  temjierature.s  is  perhaps  due  to  the 
relative  volumes  of  material  subjeeteil  to  pla.stic  defor- 
mation in  a laminated  us  compared  to  a .solid  scctiofi. 
,\s  in  a siiiiph*  tension  te.st,  the  length  of  specimen  af- 
fected by  the  “necking”  before  fracture  is  less  for  speei- 
iiieiis  with  smaller  .sections,  representiHi  in  this  ea.se  by 
the  multiple  laminations. 

'I'he  results  of  Kahn  tear  tests  inehidisJ  in  the  mill 
n-port  lire  shown  in  Fig.  5 and  a .summary  of  reeord«*d 
data  and  transition  temperatures  l>a.sed  on  various  cri- 
teria is  shown  in  Table  4.  The.se  data  inelude  final  elon- 
gation in  2 in.  on  gage  lengths  located  ' /-  and  I in.  from 
the  notch.  riHluction  of  thickness  at  the  notch  and  '/: 
and  1 in.  from  the  notch,  and  the  depth  of  .s«*etion  show- 
ing fibrous  fracture.  The  transition  values  .selected  for 
the  i arious  measurements  indicatisl  a favorable  influ- 
ence of  deoxidation  but  the  tem|x*rature  differences  are 
not  as  great  as  for  the  Chai-py  test.s. 

'Phe  effect  of  tem|)eratiire  on  the  tensile  lower  yield 
point  is  shown  in  Fig.  6.  Here  again  the  data  are  sub- 
ject to  variations  due  to  locution  of  the  sjreeimens.  The 
s|)eeiniens  were  maehiiuHl  from  adjacent  ’/«-in.  wide 
strips  cut  longitudinally  from  one  flange,  located  I’/j 
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.\vcriiK0  values  for  s|M'<'iiiiciis  Irsicil.  aciairiling  to  lictlilchciii  Steel  Co,  re|>ort  on  niatiTial.s  aee  IMale  ,")  for  Kage  liH'iitions 
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!Unl  ‘J’  , in.  Irom  the  fliiiinc  ('due.  l'lu“  s|tcrinu>Ms  Irom 
the  outside  ,y(ri|»  eonsisteiit Iv  liinln‘i'  yi«dd  points 

l)V  !il)oiit  'JoUO  psi.  Tlie  eiirx  .show  II  reiire.senl  !iv»'rase 
Nairn's  ol  to  t)  tests  at  a particular  leinperatur«>.  A 
few  tension  tests  on  the  seniikilled  steel  at  K 

slio\\<‘d  a yield  point  of  1 Iti.tttll)  iJo.tHM)  psi.  This 
N'ulne  anr<H‘s  reasonably  well  with  a linear  e.xtension  of 
the  enr\‘e  shown,  to  the  lower  temperature  when  the 
Ion  ol  st  re.ss  is  plot  ted  a)iai  list  1 T.AHS. 

IIKAM  .S|*K(;iMK\S 

In  pi'(‘|)arat  ion  of  t he  beams  lor  but  t w eld  inn.  •!*»•  »ni!.' 
of  the  web  aiul  fhinne  to  be  wcldeil  were  beveled  by  ma- 
chine flame  cuttinn  t(>  the  dimensions  shown  in  I'i^.  7. 
The  sections  were  moiintecl  in  a specially  coiistnicted 
po.sitioiiilin  de\ice  which  |iermitte<l  rot.-ttion  of  the 
beams  about  their  loiinit ndimd  axis,  thus  perinittiny 
weldinn  in  the  flat  jiosition.  The  flann«'s  were  tack 
weldeil.  about  I in.  at  four  iioints,  located  symnietric- 
ally  about  2 in.  from  the  ednes.  pro\  idinna  root  openiiin 
of  '/s  in.  The  tacks  were  placrsl  on  the  outer  fliinne 
surface  and  remo\-ed  by  n'liinintt  diiriiin  the  weldinn  op- 
eration. lOxcept  for  the  sjteciiil  .series  weldisl  with  low 
liydrtineti  eleetriHles.  the  arc  welds  were  made  with 
‘/jj-iii.  diam  A\VS-.\ST.\l,  KtiOll  weldinn  tikI  for  the 
root  pa-s.ses  and  ’ 'ui-iir,  diuiii  .\WS-.\ST.\I,  KtM.120  hmI 
for  the  .suh.setiuont  pius.s<‘.s.  Tli<‘  w<*b  joint  wjis  weldetl 
first  by  one  operator.  The  number  of  pa.s.ses.  .se«tuenee 
and  direction  of  welding  are  shown  in  th<>  ,\ppendix 
summarj'  of  the  niill  report,  'I'lie  coprsl  holes  at  the 
etuis  of  the  web  weld  were  eidarned  by  flame  ciittittn  td- 
ter  completioti  of  the  weld  to  .assitre  sound  metal  at  the 
end  of  the  web  welds 

The  surface  condition  of  the  fitiislnsl  welds  wjis  k«mmI. 
Some  irregularities  existed  in  the  hand-citt  cope  holes. 
In  order  to  place  SH-4  .strain  nages  on  the  citiwed  etige 
of  these  hole.s.  the  itiside  citr\'ed  edge  was  smootluHl  by 
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hand  filing.  In  later  tests  when  gages  were  not  u.sed. 
the  holes  were  similarix'  smoothed  to  ettsitre  e.oniparahle 
t«'st coiidit  ions.  The  aligmneiit  of  the  welded  seg- 
titeiits  was  good  btti  dite  to  ttortiial  tolerance  variations 
a .small  relatixe  axi.al  ri'iation  of  the  two  segments  or 
sloping  flange  siirlaces  made  it  iiece.s.sary  t(-)  machine 
t.aperiiig  bearing  plates  at  the  end  supports  in  Order  to 
ei'eet  the  beams  with  web  \-erlical.  A lateral  concax  itx’ 
of  the  outer  flange  .•^urlace  also  reiinired  grinding  of 
these  surfaces  ai  the  supports  to  proxide  flat  bearings. 
These  pfe.'ant  ions  were  necessary  in  preparing  the 
specimens  for  impact  tc-sts  in  order  to  ax’oid  eccentric 
load  xxith  resulting  lateral  vibrations  and  other  effects 
which  inflnenceil  the  deflection  measurements. 
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The  be.ains  xxere  supported  on  heax-y  pede.stals 
through  4-in.  diam  rollms  betxveeii  2- ,\  12-in.  plates  at 
both  ends,  proxiding  a 12-ft  span.  Load  xvas  applied 
through  similar  rolli'rs  at  the  third  points  of  the  .span. 
Third-point  loailing  was  adoptisi  to  |>enuit  ob.serx’ation 
.'uid  me.'isiiremeiii  of  strain  distribution  around  the 
critic.'d  '('lect  ion. 

The  (‘lit in*  beam.  14  ft  long,  was  enclos<Hl  in  an  insu- 
latxsl  chamber  I.''  in.  xvidt*.  2.S  in.  high  and  16  ft  8 in. 
long,  inside  Tin'  chamber  xva.s  com|)os«sl  of  side,  end. 
top  and  bottom  sections  xxith  lapijing  joints,  xx'liieh 
xvere  readily  bolted  logeilu'r.  Tin'  .sections  xvere  made 
of  sheet  metal,  enclosing  a d in.  thix'kne.ss  of  insulation. 
Inside  both  ends  of  ihe  chamber,  a receptacle  for  dry  ice 
xvas  attached  to  the  bottom  section  as  shoxvii  schemati- 
cally in  Fig.  S.  .4  bloxver  xx  ith  a I2-in.  fan  at  both  ends 
fiiniishi'd  an  air  stream  through  the  dry  ice  receptacle 
:unl  the  insulated  enclo.siire.  'I'his  air  stivain  re- 
turned to  the  bloxver  through  ducts  incorporated 
in  the  sides  of  the  chamber,  exhausting  the  air  from 
ports  ill  the  bottom  of  the  side  panels  near  mid- 
span.  The  system  thus  circulated  coolexl  air  along 
ea«'h  half  of  the  b(>am.  'I'lie  rat«‘  of  cooling  depended 
upon  the  x-olnme  of  drx'  ice  used  and  x'elocity  of  the 
air  stream.  The  beams,  weighing  100(1  lb.  xvere  cooled 
from  +7t)  to  —11,0°  F in  from  4 to  .5  hr. 

The  supporting  pedestals  xvere  insulated  by  similar 
panels.  The  openings  in  the  toji  of  the  chamber  for 
the  third-|)oint  loading  jig  xvere  sealed  with  flexible  'ooots 
consisting  of  rubberized  fabric  and  insulating  xvool,  and 
the  distributing  la'am  xvas  similarly  in.sniatetl  to  reduce 
heat  conduction  to  the*  cooling  chamber. 

The  teiuperaturi'  of  the  beam  xvas  measured  by 
copirer-constautan  thcriuocoijpies  lu'ld  in  small  drilled 
hoh's  xxith  solder.  Temiierature  stations  xvere  located 
on  both  top  and  bottom  llanges  near  ilu'  third  points  of 
the  span  and  additional  couples  in  tlu>  air  stream  at  the 
ends  xvere  used  for  control  pnrjxo.ses.  'riie  tempera- 
turt's  after  a short  stabilizing  jreriod  xvere  ciuite  uniform, 
xxith  only  small  dilTerciiccs  between  the  uiiper  and  loxver 
llanges.  The  te.st  assembly  xvas  similar  ((i  fhat  used  for 
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tho  impact  test.*!  sliowii  in  Kin,  ">•!'  tlic  cxtcpiion  of 
the  third-point  loadinn  ji^. 

In  order  to  mea.'<nre  tlie  j)ronn‘.<."<  und  di.-<irilintion  of 
-strains  acro-s-s  the  sect  ion.  SR-4  electric  strain  n^nes  u«-re 
placed  longitudinally  along  the  cenierline  of  the  welil 
after  grinding  the  surface  .smooth,  on  ihc  weh  and 
flange,  and  inside  the  co|k-  holes,  ('i.ages  were  also 
placed  at  adjacent  .sections  along  the  flange's  The 
center  deflection  of  the  lower  flange  was  inciLsureel  l>v 
reference  to  side  bars  attaclnsl  oii  hoth  sides  to  pins 
through  the  web  o\er  the  snpporls.  ,\l taihineiil  of 
the  recording  dial  to  a nsl  weldesl  to  the  lower  flange  at 
midspan,  ainl  a yoke  e.Ntension  from  the  refenmee  bars 
permitted  reaelings  outside  the  C(Niling  chanibe'r.  Due 
to  limited  acce,s.si!)ility  during  the  low-ieniperaliire  tests, 
only  midspan  deflections  were  measured. 

In  order  to  compare  the  stnictnral  yield  points, 
“refusal”  load.s  and  general  load-<lef!eet ion  iM'bavior  of 
f>eam.s  ha\'ing  different  base  metal  properties  and  un- 
known effects  of  welding,  it  was  desirable  to  maintain  a 
constant  loading  rate.  Due  to  interruption  of  loading 
for  strain  recording,  iiis)H'etion  and  neees.sary  adjust- 
ments it.  was  not  possible  to  nmintain  constant  loading 
conditions,  particularly  in  the  plastic  range.  It  was 
possible,  howe\er.  to  rerlnee  tbe  ob.serveil  load-ileflee- 
tion  data  to  comparable  emwes  at  the  same  loiiiling 
or  deneciion  rales  by  the  following  procedure. 

After  t he  pro  port  ioi  lal  1 i m i t was  exceeded . as  ev  idencet  1 
by  the  deflection  incremetifs.  tbe  loading  wbicb  was 
applied  at  a conveiiient  rate,  was  internipted  at  \ arious 
values  of  initially  applied  load  and  the  deflection  was 
maintained  constant  by  readjnsttnenf  of  load  by  the 
testing  machine  as  necessary,  'fhe  inereinents  of  load 
or  defl(M‘tion  between  such  interruptions  were  deter- 
mined arbitrarily  to  give  .sufficient  points  for  the  derived 
curves.  The  load  adjnstnumts  to  maintain  con.stant 
deflection — largely  a machine  effect  were  stnall  and 
interinittimt.  At  each  of  the  initially  applied  load  in- 
crements, the  decrease  of  loatl  tU  constant  deflection  was 
recorded  with  time.  Curves  repre.senting  th:  decrease 
of  load  vs.  time  were  called  the  “drop-off”  or  relaxttfion 
curves.  At  any  interval  of  time  after  load  apiilicntion 
and  stopping  the  maebine.  the  instaiiianeons  load  was 
recordml  as  Pi.  Then  the  Kite  of  relaxation.  ilPi  ill 


was  found  from  tbe  relaxation  ciirics  at  \arions  \alncs 
of  Pi.  .V  enm-  repre.senting  Pi  is.  tU’i  til  was  plotted 
for  each  of  tbe  eoie-tani  defleelion  im  remeiits.  It  was 
now  possible  lo  find  valiies  of  Pi  al  .seleeteil  relaxation 
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rut('>  Irnin  c.'li-li  nt  llic  rcm.sluilt  drllcrt  ion  It 

will  !)('  iioU'd  |li;ii  I‘I  icinTsciil?.  the  Inud  rcsist»-d  by  the 
iM'iHU  al  a pailli'idar  drllcctiiui  wlicii  ap|)li(‘d  at  the  raU“ 
(‘(liitil  to  t he  I'orropiiiidinf;  ivla.xtition  rate,  ( 'urvcs  r<‘p- 
|•(■:^(■ntill^  /’(  \ s.  ^ can  now  In*  const nictcd  for  scI(>cI«mI 
loading  f.alcs  an<l  t lie  load-deflection  data  for  tli»>  severtil 
heains  can  be  compaii'd  with  the  same  Inadinn  ftilt'- 
I he  |)r..c('dnri'  is  time  coiisniuini;.  if  \crv  low  loadiii); 
rates  are  used  as  the  basis  ol  coinpaiison.  beeansi-  of 
the  loin:  |ieriod  required  for  stahilizat ion  of  the  "drop- 
otl  load.  I he  Inuliest  rate  is.  ol  coiirsi*.  lihiitiMl  li\‘ 
the  rate  ol  initially  applied  load  possible  and  controlla- 
ble with  the  usual  Ic.stini;  niachiiie.  Ilowiwi'r.  the 
conipari.son  can  be  made  at  relaxation  rates  which  are 
reached  in  reasonably  short  lioldinu;  limes 

The  ellect  ol  loadiiiu;  rate  on  a beam  at  room  lemper- 
atiirt'and  coinparisoii  of  ,se\  eral  welded  heanisal  — I I 
1'  are  di.sciissi'il  later.  .\>  noted  pre\  iously,  oiilv  a 
limited  miiiiber  ot  "static"  actually  low  siraiiiiiiK 
rale  tests  were  made  because  the  lesulls  were  incon- 
chisbe  in  dilTerent  iat inu  the  steels  and  trealmeiits  w ith 
respect  to  brittle  beh.av  ior. 

InifMirl  Tf.-il.s 

I he  major  part  ol  the  lest  proirram  l■onsi.s^ed  of  in- 


ereiuent  drop  impact  tests.  The  tower  st met ure  pro- 
viding niiide.s  and  lifting  facilities  for  the  tup  was  de- 
serihed  in  the  report  of  pre\  ious  inipaet  tests.  Some 
niodiheations  were  made  in  the  beam  supports  and  iti- 
stninumtjit ioii,  anil  the  entire  tower  was  re-ereeted  on  a 
more  ma.ssi\-e  eonerete  fmnulation,  bearing  on  rock. 

'rite  striker  weinht  or  tup  weiKhiiiK  2000  lb  eoiisisted 
of  a block  of  steel  to  the  lower  end  of  which  was  attached 
a 4'  -..-x  4','r  X I 'j’/i-in.  eoiitaet  hlts-k  of  alloy  steel  with 
bolloin  roiind(Ml  to  a d in.  radiu.s.  The  tower  was  20  ft 
hi>:h.  |>ro\  idiiiK  a net  height  of  fall  for  tlie  tup  of  9 ft. 

The  eooliiiK  chamber  wiis  the  same  as  that  used  for 
the  static  tests  with  an  opening;  in  the  top  panel  to  per- 
mit pjus.suKe  of  the  falling  tup  for  centrally  applied  im- 
piiet  This  opeiilnn  was  normally  elo.sed  with  a mov- 
ahh*  eo\'er.  op<m(‘d  oid.v  when  the  blow  was  applied. 
iMfOire  S shows  details  of  tin;  test  assembly  and  Plate 
2 shows  tin*  tower  and  eoolin^  rhamlter  enclosing  a 
beam  niouiit(‘d  for  test. 

rite  hea\  y steel  p(sli>stals  on  which  the  beam  was  sup- 
ported wen*  am  hor(*d  to  the  foundation.  The  beam- 
.siipport iiig  fixtures  were  intended  to  provide,  as  nearlj* 
as  jmssible.  unrest raiinsi  “.simple”  beam  eonditioiis  and 
prev»*nl  rebound.  'I'ln*  upward  forces  developed  at 
tile  supports.  i'orn*sponding  to  the  reactions  on  the 
beam  when  deflectisl  upward  during  the  vibration 
cycle,  were  of  considerable  magni- 
ttide  and  (hiring  the  earlier  test.s 
caii.s«sl  rupture  of  fixture  and  anchor 
bolts.  'I’ln*  fixtures  used  pennitted 
one  (*nd  to  rotate  but  pre\'ented 
sliding,  while  at  die  other  end  per- 
mit t(*d  longitudinal  inu\enient  as 
well  as  rotation.  The  clamping 
details  for  the.se  fixtures  are  shown 
in  I*'ig.  9.  While  these  fixtures  were 
elTceti\e  in  preventing  upward  re- 
bound at  the  .supports,  the  dynamic 
deHe(*tion  records  iiulieate  rapid 
dam})ing  of  vibration  probably  due 
to  umn'oidable  frietioti  in  the  sup- 
port fi.xtures. 

All  beams  were  subjected  to  cen- 
tral inipaet  by  the  2000-lb  tup  in 
drop  increments  of  3 in.  up  to  a fall 
of  30  ill.  and  thereafter  in  incre- 
ments of  6 in.  To  minimize  the  ef- 
fect of  local  contact  pressures  at  the 
point  of  inipaet  and  avoid  applica- 
tion of  the  load  directly  to  the  weld, 
a 3-  X 0-  X 12-in.  eontaet  block  was 
atlaelied  to  the  upper  flange  at  mid- 
.spiiii.  The  top  of  this  block  was 
iiiaeliined  before  each  test  to  pre- 
sent an  undented  surface.  In  the 
i*arlier  tests  this  block  was  held  in 
pliiecby  two  inverted  angles  welded 
transversely  Ao  the  'upper  flange, 
'riie  bl(M*k  \va,s  grooi’cd  to  avoid 
bearing  on  the  weld  and  the  angles 
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f itf.  1(1  Effect  Ilf  rule  iif  limilinu  ilerireil from  reUtxnliiiii  of  limil  at  eonmonl  ilefleelion 


effort held  thr  Iilm  k in  iilarr.  Due  to  tlir  IlcxiWil- 
ity  of  the  iuinlc  h'tjs,  llirrc  was  im  apiuciialilr  llrxnrr 
puriiripatioM  of  the  Itlork  with  tlir  licam  srrtiuii. 
Some  of  tlic  rnioijlclr  fi'ailiirc^  at  low  trinprra- 
tmes.  .startinn  at  llw  lower  flanur  rxlrlidcil  llirnii);l! 
tli(‘  iiitprr  flailKc  adjtirciit  to  llic  lirarlii};  lilork  rlo.se  to 
the  welds  altarliiiiu  tlir  iiii;;lrs,  Diir  to  the  pos.si!>|r 
iidliiiMii'e  of  tliosr  aM"lo  weld'  in  drtrnniniim  tlir  loca- 
tion of  the  to|)  flanur  frariiifo,  tlir  loclliod  of  lioldint>;  tlir 
rontiirt  block  was  rliantird  to  a siniiilr  bolted  roiinrrtion. 
Four  bolts  directly  ronnc'trd  tlir  block  to  the  flaii)i;r. 
While'  sonic  fractures  also  occurred  near  the  ends  of 
the  block,  held  by  this  inetbod,  no  fractures  occurred 
through  the  bolt  holes. 

Ill  idl  tests,  the  lieaiii  either  fractured  or  developed 
luti'ial  b'ii'kiinn  of  the  loj)  llaii;;e  with  resnltinj;  pro- 
iimiueed  over-all  distortion  of  the  section,  'I’he  first 
tests,  iiiiidi'  at  — lb")°  F were  in  the  nature  of  pilot 
tests  for  coiniiarisoi)  with  the  static  tests  made  at  the 
.same  temin'ratiire.  I'Vactitres  resulted  in  beams  of 
both  steels  and  lill  treatments.  Thereafter,  tests  were 
made  at  siiccessi\cly  hittiher  teiniieraliires  to  determine 
the  teiiiperal lire  abo\'e  which  the  tyjic  of  failure  w;is 
due  to  normal  licain  biickliii)>  withoiil  cracks. 

The  midsiwin  dynamic  deflection  was  mcjisiired  at  all 


blows.  The  apparatus  ii.seil  for  di'flectioii  iiiea.siire- 
meiii  consisted  essi'iit ially  of  an  optical  .system  in 
which  a lieam  of  linht  passing  under  the  beam  was 
directed  to  a photo-tiihe  ami  i>art ially  iiiterceptwl  hy  a 
ciii-otT  iilate  attached  to  the  beam,  hi  order  to  extend 
the  inti'icept iuji  plate  U'low  the  eoolin„'  chamber 
the  plate  was  attaclii'd  to  the  I'ud  of  a i'imI  welded  to 
the  bottom  (laiiue  about  1'  in.  away  from  the  splici' 
on  the  beam  centerline.  The  .system  is  .similar  to  ihai 
de.scribed  for  earlier  tests,  with  an  impfovi'd  !imi>lifier. 
The  dyiiaiiiic  deflections  wen*  ri'corded  oil  film  by  an 
oscillograph.  The  accurtiey  of  tlu'  nK'ti.snremenfs  was 
about  AD.dO.a  in. 

Ityiiamic  striiin  ineasitreiiients  were  iiiiide  by  SH-4 
Uajjes  placed  on  ’he  iiiiper  curved  surface  of  the  edge  of 
the  lower  hole  in  the  weh  and  at  points  adjacent  to  thi' 
hole  ill  the  weh  and  flaiine.  .Additional  gtiKCs  on  the 
w('b  weld  nieasiiri'd  iierimiiK'iit  sets  with  a manual 
strain  rm'order.  The  etpiiimieut  for  dyiiamie  meti.siire- 
meiits  iiK'luded  David  'I’liylor  Model  Basin  strain  indi- 
cators and  a Hathaway  oscillofjraph.  adiijited  to  the 
requireiiieiits  of  these  tests.  Four  chaiitiels  were 
:i\ailiil)le,  recordiiiji  strain  transients  tiod  eidihnitioiis 
oil  a film  record. 

Strains  weri'  measured  on  beanis’of  all  types  during 
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lh('earli(‘r  iiiipiict  tests.  In  adilitioii  to ilt'terinininK  llie 
riiitge  ()l  eliistic- aetioii  for  eomparison  witli  tlie  dellee- 
tion  ineiLsiirements.  tin*  records  ser\'ed  to  iiidieiito  tlie 
start  of  eraeks.  When  the  hehavior  pattern  was  estal)- 
lislunl,  these  strain  records  were  diseontiiiiKHl  and  the 
proportional  limit  or  strnetnral  yield  strenuth  wils 
th'terininetl  by  the  dellections. 

In  order  to  determine  the  amount  of  plastic  deforma- 
tion produciMl  at  critical -locations  adjacent  tit  the  frac- 
tures, scratch  measurements  were  recorded  for  many  of 
the  beams.  I’rior  to  test,  fine  scratches  spaced  0.1  in. 
apart  were  made  over  a len^tth  of  d in.  aloiiK  a loiiKi- 
tiidinal  line  on  the  weh  immeiliately  above  the  lower 
hole  and  also  on  the  lower  thiiiKe  surface  acro.ss  the  weld. 
Tin*  disphiei'inent  of  the.se  scratches  ^ave  some  indica- 
tion of  the  amount  of  plastic  deformation  prectsliiiK  or 
assoi  iat«‘d  with  the  fracturing  process. 

RKSI  KTS  OK  STATIC  TKST.S 

These  pilot  tests  at  a tem|KMatnre  of  — 1 li)°  K were 
intendeil  to  determine  the  advisability  of  further  tests 
at  varying  temperatures  While  the  results  did  not 


dilTerciitiaie  the  beams  and  treatments  a.s  regards  the 
iirillle  fracture  phenomena,  they  do  afford  .some  com- 
pari.son  of  la-ain  behavior  of  the  two  materials,  the 
elTcct  of  loading  rates  and  the  elTecfs  of  the  web  holes 
on  the  straitis  in  the  \ icinity  of  the  splice. 

The  cfft*cl  of  loading  rate  in  the.se  so-called  “static” 
test.s.  which  are  really  te.sts  at  low  loading  rates,  is 
indicatisl  by  the  ciirve.s  shown  in  Kig.  10,  derived  from 
the  relaxation  of  load  at  consianl  deflection.  The 
range  of  loading  rates  from  the.se  data  is  not  large  and 
tin-  s|)read  of  stnictnral  ,\Meld  strengths  amounts  to 
about  2..'i‘ j . The  increa.se  of  yield  strength  would  he 
considerably  greatc-r  for  the  higher  loading  rates  possi- 
ble with  ordinary  testing  machines  when  the  loads  are 
applied  by  the  usual  continuous  beam  te.st  procedures 
where  ilellection  mea.snrcments  are  made  "on  the  run.” 
The  relation  between  loading  rate  and  the  stnictural 
yi«dd  loads  is  shown  by  the  in.sert  curve  of  I'ig.  10. 

('om|)ar!iti\’e  load-dellect ion  curves  derived  from 
relaxation  clata  are  .shown  for  .several  beams  in  Fig.  11. 
The  a.s-weldtsl  i>eains.  both  SK  and  FK,*  have  low  ap- 

• |{rf«Tf«pf  lo  ntnl  full.x  killPel  “IP**!  will  b»*  ahbre- 
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parent  proportional  limits  slue  to  rcsidiml  stresses.  The 
ratio  of  stnietimil  yield  point  to  proportional  limit  is 
theoretically  l.lf)  for  this  .section.  The  eiir\es  nl''e 
values  of  1.45  and  1.57  due  to  the  lower  PI,.  The  FK, 
.stress-relieved  heain  pive  a ratio  of  1.1‘J  which  i.s  nearly 
the  theoretical  value  indicating  removal  of  r(‘sidual 
stre.sses  since  the  properties  are  not  apprei’iahly  e(Tecie<l 
by  this  treatment.  The  unweldtsl  KK  beam  at  — 100° 
F and  SK  beam  at  -f  70°  F also  showtsl  .somewhat  hijih 
YP/Pl.  ratios,  probably  due  to  rolling  residuals.  The.s<‘ 
limittsl  tests  give  some  indication  of  the  Ix'am  proper- 
ties. reflectinn  material  properties  and  effect  of  tempera- 
ture. although  data  are  not  a\'ailable  over  a range  of 
temjH'ratures  because  this  .series  of  tests  was  dl.sron- 
tinuerl. 

All  of  the  beams  tesftsl  statically  developed  "refu.sar’ 
loads  by  lateral  buckling  of  the  compre.ssion  flange, 
tine  as-weld(sl,  FK  beam  testtsl  at  — 100°  F (('nrve  •») 
craekerl  suddenly  in  the  web  at  a deflection  of  O..').'!  in. 
and  at  a IcmuI  l>elow  the  stnictural  yield  strength.  This 
crack,  starting  at  the  end  of  the  web  weld  at  the  top 
of  the  lower  cope«l  hcde.  exteiuhsl  to  mid-height  of  the 
web  (neutral  a.xisi.  It  did  not  extend  ImwoikI  its  initial 
formation  with  .sub.s<s|uent  loading  to  bm  kling.  Strain 
inea-siirements  indicaOsl  that  appreciable  perinaueni 
deformations  in  the  web  adjacent  to  the  hole  de\  elojMsl 
prior  to  the  crack. 

The  partial  fracture  of  the  web  with  flanges  remaining 
intact  wa.s  found  by  later  impact  test.s  to  repre.smit  an 
intermediate  type  of  failure  between  buckling,  with  no 
cracks,  and  com|)lete  .shatt(>ring  (jf  the  entire  .section; 


lion  range.  The  formation  of  a brittle  crack  suggests 
therefore  that  tln^  test  temperature  was  in  the  brittle 
range.  However,  the  unexp«“cted  fracture  of  a FK 
beam  rather  than  a SK  beam  having  le.ss  favorable 
properties,  at  the  same  temperature,  is  contrary  to  the 
hiulings  of  th(‘ impact  tests  and  its  sigiuheance  is  ques- 
tioiKsl.  The  relative  teiulency  to  brittle  behavior  was 
not  estaiilislnsl  by  these  static  test.s. 

Strain  .inalyitiiK 

Kxtemhsl  snrvtws  of  tiic-  strain  rlistribiitiou  in  the 
vicinity  of  the  splice  were  made  on  the  beams  testeil 
statically,  'riie  purpose  of  the.se  strain  surveys  was  to 
determine  the  inflnence  of  the  holes  in  the  weh  adjacent 
to  the  flanges,  particularly  in  the  plastic  range.  The 
findings  are  of  particular  inten'st  as  regards  the  origin 
of  fractures  prisluced  in  the  impact  tests. 

The  measnmnt'nts  extendetl  o\'er  a length  of  52  in. 
in  the  .segment  of  constant  bending  moment  lietween 
third-point  loads.  Longitudinal  strains  were  measured 
with  SR-4  electric  gagt's  platfsl  on  the  flanges  and  weh 
so  as  to  determine  the  distribution  over  the  l,>eam  .section 
at  the  weld.  1 ' i in.  from  th<>  weld  and  at  .sections  remote 
from  the  splice.  Additional  gages  were  placed  to  find 
the  lateral  di.stribntion  on  the  outer  flange  .surfaces  and 
the  variation  along  the  flanges. 

The  re.sults  obtained  on  l>eams  of  both  materials 
were  in  substantial  agreement  with  respect  to  the  influ- 
ence of  the  holes.  The  data  presented  represent  the 


1' . rile  (li.slnlmliuii  ot  li)ii>;iliiiliii;il  slr;iiii>  iiic.-imiiciI 
oil  the  wi'lticci  s'|)|icc  MM'iioii,  wiili  wcM  rciiilnn-riiii'iii 
Urmiiul  Il.'it . i^  shitw  ii  in  I'J  ( iniic  sint  ion.s  ,I  ninl  K 
'vorc  on  !li('  icnsioii  anil  l•olll|ll^s^ioll  llainjc  siirlai'os, 
rc'siioi'tiv  i‘l\',  iliivi‘tl\'  o|)|>ositf  llio  wnli.  ( •ai'os  li  anil 
./  wore  on  ilio  iiiiioi  sui  tari’>  ot  I lie  llaniirs.  in  ilio  \\  cl> 
liolr.  ( laiir.'  ( anil  / wrir  on  llio  riii  v ril  i'ili;t‘  o|  llic 
llnli".  wliilo  1)  anil  II  \\i‘M‘  on  tlio  wnli.  ' t in  fnnn  the 
fil^r  ot  till'  liolr.  ( iaiji's  /■..  /■'  i l•l■ntl■rlin^•  i ami  <1  wcio 
on  the  writ  >urtaiT.  Tlic  i iir\r>  |)IoIIimI  wno  tor  ilic 
ili'lk'i'tion  iniTonicnt > ami  total  loail>,  a|i|tlii‘il  at  llic 
tiliril  ])oinl>  ot  llm  sjian.  a'  'liow  n 1‘lotifil  \ aliir" 
r('|irc>ciil  the  asoraiif  ot  two  raiio  on  opitosito  snics  ot 
till'  well  ami  llm  a\riai:r  ot  two  ailjaront  u/iiios  on  tim 
outer  llalijic  MMl'are.-'. 

rile  ililllieiiee  ot  llie  liole>  in  llie  well  m imliealeil  liv 
the  nonlinear  lll^I  i ilnit  ion  ami  tlie  laitte  l oneenl  rat  ion.- 
ot  strain  at  llie  l■lll\ell  eilu;e>  ot  the  liole>.  I'lil.'  eon- 
|•enlratilln  is  apptiieiii  in  ilie  ela'tm  loailini',  ranue  with 
a tiieloi  ot  alioiil  '1  anil  iln  iease-^  lapiilh  with  plastie 
iloloriiiat  ion  rim  ilist i ilmi  ion  i*  'iniilai  in  Imth  the 
tension  ainl  eoinpression  rei;ions  I elision  nai;e'  were 
lost  at  al  II  nil  JO'  , . si  r;i  it  i 1 ni  i . on  the  loi  n | n e»ii  m sn  le. 
strains  ot  4.<i' , were  iim.i'iireil  at  :i  heain  iletlei  lion  ot 


a.;')  III.  when  the  te.sl  was  iliseoiil iniieil.  The  neutral 
axis  iiiovcii  towaril  the  eoni|)ressii)ii  flange  with  large 
plastm  ilel'iiriiiatioiis.  A similar  strain  analysis  was 
iiiiule  at  a seetioii  S in.  from  the  weld  spliee  where  no 
hole  existed  I'lie  dist rihiition  was  found  to  he  more 
nearl\'  linear  hut  with  a tendeney  for  the  tensile  strains 
at  the  le\el  eorresponding  lo  llm  toj)  of  the  hole,  to  lag 
imder  the  large  plastie  deformations.  ])roIiahly  refleet- 
mg  the  large  strains  ihwclo|ied  a!  tlie  iieiglihoring  see- 
t ion  due  ti i the  hole. 

'rim  distrihui  ion  of  longitudinal  strains  alotig  the 
eeiiterlines  of  hoth  flanges  was  titetisured  o\ mr  a dis- 
tance extetidiiig  It)  in.  eaeli  side  of  the  spliee.  Pairs  of 
gages  were  placed  on  the  weld.  I ' < iti.  from  the  weld  atid 
at  tiiore  remote  dlstani'(‘s.  'I'he  curves  showti  in  Fig.  13 
indmate  the  start  of  yielditig  atid  nifiid  inerea.se  of  jjlas- 
lie  stiain  in  the  hase  timttd  I'  4 iti.  frotn  tlte  eetit(*r  of 
the  Weld  The  utisytmiiet fieal  appetirattee  of  the.se 
eiirves  in  the  \ ieitiit\'  of  tlte  weld  is  dtie  to  the  lark  of 
lotTespomling  timasitremetits  tidjaeetit  to.  htti  on  the 
other  side  of.  the  weld,  where  the  etitwes  are  shown 
dotted.  \\  ith  ineretisitig  defortiiilt  ioti  tliere  is  ;i  deeiderl 
strain  lag  in  the  weld  tiietal.  tlnit  is.  the  weld  tnetal  is 
stilTer 
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fluiiRf  tends  to  increiusc  the  ed^e  strains. 

As  will  he  discus.sed  later,  an  estimate  o!  the  strain 
rate  prcKlueeil  liv  dynamic  loading  of  ilie,se  beams  is  e»>m- 
plieated  by  the  wide  variation  of  lonil  strains.  For  a 
particular  deflection  rate,  the  strain  rate  would  be 
Rreatest  at  points  of  Rreatest  strain.  ’I’lie  oriRiti  of 
fruetures  priKlueiHl  in  the  impact  tests  i-onfirm  the  re- 
sults of  these  straisi  amily.ses. 

KKSri.T.S  OF  IMPACT  TKSTS 

The  experimental  data  recorded  in  the.se  tests  of  cen- 
trally applied  impai't  by  suei  essi\  elv  increa.siiiR  drops 
of  a 2(K)t)-lb  tup  includeil  dvmimicdeflection  and  strains, 


indeirendeiit  dial  RaRcmeasuremenls  of  permanent  deflec- 
tion set  at  each  blow,  permanent  deformation.s  by 
.seraleh  <lisplacement  measurements  afler  te.st  and 
crack  propaRation  ob.servalions.  Most  of  the  derived 
reliitionships  were  based  on  the  (h'fleetion  data.  The 
strain  records  imwle  on  the  earlier  beams  testerl  eon- 
firim-d  the  elastic  raiiRc  found  from  the  load-deflection 
relations  and  the  initiation  of  cracks.  The.se  .strain 
ineasuremenls  were  diseontiinierl  in  the  later  test.s.  A 
siiinmary  of  test  results  aiul  derived  data  is  Riven  in 
Table  5 which  iiududes  supplementary  tests  to  be  di.s-. 
eii.s.sed  later.  'Phis  summary  includes  the  height  of  fall 
at  which  fracture  was  producisl  or  the  height  when 
tests  were  discontinued  because  of  prniiouneed  di.stor- 
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Hqiiivnlenl  Static  l^nifh 

'1‘he  \ihrutinn  and  snhinipfiel  phenomena  of  cen- 
trally applical  iiiipael  was  discnsse.d  in  a previous  report.  ‘ 
The  clastic  dynainie  (lefleetinn  can  he  j)r*Kiieted  very 
closely  hy  the  approximate  formula  for  the  etpiivalent 
static  load  prodncinn  the  same  center  deflection,  with 
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* H(•i^tlll  of  t':dl  piodilciinj  fii'.'it  iTrirk  or  wIicK  disroni iiincd  line  to  Imrkic.  Second  v:duc  i.s  liciglit  of  :iddi(ioniil  inercmcnis  to  unlino- 
■ (Uelil  extencied  fr.iet  urc  or  Imekle  :is  ilidie.')ted.  ' - 

t Tolid  .slmin  enern\'  necinmilnled  lo  liisl  l•|■,•lc•k.  Si-i-oiid  value  ri-presenl.s  enci'nv  lo  .siili.seipieiit  linekle  or  e.x(el(d(*d  IV.aelure. 

I 'I'liln  I delleel  ion  lo  firsi  eraek.  sul  isecpienl  lillekle  or  fraetliri'  l■\tcllsioIl. 
j Inpiiv.ileiil  si  atie  io.id  ) Mod nriim  Hast  ie  eoijijionenl  of  olisiTVeil  clyiiainie  ilelleelion. 

( 'onipnied  li.v  (lexnre  foininl:i. 


IIh' iipprnpi'iiiti'  inoitia  corrc'cliDii  factdi.*  Th<‘ (“lii.Nlic 
ion  pr(Mli('l(‘(l  I'miii  this  slulic  iiuul 

nurmi  with  actiml  (Iviiamic  (ilisorvnlioiis  williin  lo.s> 
lluiii  2' , It  wiis  also  I'oiiiid  that  tiic  oI)S(M'\  (‘(I  dyttainii' 
ilHKrt inns,  prior  to  httcklinn  of  the  Ix'titn.  vaiieil  lin- 
early with  the  striking  x'eiocity  of  tire  liip,  as  prrdicft'il 
hv  tin*  e(|tti^':ll('nt  static  load  fortnitia,  where  is 
proport iotiiil  to  \'h.  Tiie  prmiary  a.ssiiinptions  made 
ifi  derivitiK  this  approxitnate  fortmtiu  are  (1)  tlial  tlie 
contact  los.sr's  arc  ncjjlinihle  and  {'J)  that  the  eliustic 
dcHcction  cnr\es  at  tnaxitiniin  dcflectioti  art'  tin*  .same 

, !lf.  Kl  It  A 

“'vt  * ^ .«  \ \ I)  * i-l\  wh»*r»*  I*  lit 


H : wtMUhf  uf  tlil>  I 
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when  loitd(‘d  stiitically  or  (lytianiicall.v.  '1‘iiat.  the  elas- 
tics ctirves  arc  practically  the  .satne  was  showti  hy 
inetisiirenients  ()f  dellect ion  :donn  the  beam  tis  previou.sly 
reported.'  The  reljiti\cly  small  indentiitions  prodticed 
ia  the  ln'arinj;  block  struck  by  the  tnp  and  the  rigidity 
of  t!ie  supports  just  dies  the  as.siiniptioii  of  small  energy 
losses,  prior  to  hiickliiig 

In  th(>  plastic  rtinge.  the  e(|ni\iilent  static  loarl  was 
found  from  the  ehistic  compittiimt  of  the  d,vtuimic  de- 
flection which  was  reprcscntcsl  by  the  dcflectioti  re- 
co\  »‘r\'  after  the  blow  , ( 'iirves  representing  the  ei|iii\  a- 

lent  static  load  plotttsl  against  tin*  total  d(‘flection. 
inchiding  the  d\  namic  deflection  prodncisl  by  tin*  blow 
!ind  the  pre\ioiis  permanent  set.  were  sitnihir  to  the 
familiar  stfitic  load-deflection  curves  as  shown  in  Figs, 
If)  and  II.  From  these- curves,  the  loads  corri-sponditig 
to  the  flexural  proportional  limit  and  the  stmctiiral 
yield  point  (kma-  of  curve:  were  determined  and  the 
correspomling  stre.sses  computeil  by  the  llcxitre  I'or- 
iniilu.  The  proportional  limit  .stres.ses  thus  found  agree 
ver.v  closely  with  the  indicateil  start  of  yield  as  meas- 
ur<>d  bv  elect rii’al  strain  gages 


The  (lyiiiimii'  flaiinc  slrcssivs  for  liulii  steels  and  earl) 
of  the  welding  trealnu'iits,  and  llieir  l■el!ltioll  to  tlx- 
test  tempertititre.  are  shown  in  ['’ins.  Hi  and  17.  The 
varial inns  of  stress  witli  temperature  are  shown  as 
straiplit  lines  o\-(>r  the  ranut'  of  test  teniperatr.res  al- 
thoUf!;li  flat  nirvi's  minht  he  expeeted.  Hoth  th«‘  pro- 
portional limit  !vnd  yii'ld  point  stresses  ineretise  with  de- 
eretiso  of  teniperatmt'.  The  liiKher  walnt's  tis  eompared 
with  the  tensile  propcM'ties  of  the  base  metui  are  due  to 
l)oth  temperature  and  rate  iif  loadinn.  The  ratio  of 
the  stnietnral  yit'ld  point  to  tin'  proportional  limit  is 
given  in  Table  ii.  The  theoreticiil  rjitio  for  this  beam 
soetifin  is  l.l').  It  will  be  noted  that  the  as-w<>ld(“d 
beams  of  both  sit'els  show  rtU ios  of  tdioni  1 .JS  due  to  the 
lowering  of  the  apparent  proportional  limit  bv  n-sidtitil 
welding  stresses.  WIkmi  stress  reliev  t'd.  the  nit  ios  were 
l.li)  atid  1.14  for  the  SK  tind  KK  betitns.  respect iwly. 
which  agrees  sttbsttintially  with  the  theoretical  \ ahte  of 
!.lo,  iitdieatitig  thiit  the  residual  stresses  were  etTec- 
tively  relie\'e«l.  The  preheateil  beatns  show  .sotnewliat 
le.s.s  resiihial  stress  elTeei  by  llio.se  ratios  thnti  the  as- 
wehletl  beatns. 

Altluutgh  tests  were  tinide  oti  all  tyi»es  <if  be.-uiis  at 
— ! It)  to  — !20°  F.  stress  \ ahtes  .ate  Ite  kitig  iti  mo.st  of 
the.se  diagnitns  b(>ciiit.se  fttilitre  oci-itrre<l  by  .shatteritig 
fracture  withoitt  de\elopittg  any  permanent  detlec- 
tioti  .set;  i,e..  belnw  the  proportiottal  litnit.  The  elas- 
tic behavior  of  the  betittis  fabrii  alt'd  with  Imv-hydrogtat 
eleetr<Kles  i.s  es.st'ntially  the  .s.attu'  as  tho.se  welded  with 
K6020  elect  nnh's. 

Strain  Ener/iy 

The  slraiti  etterg>’  stored  in  the  betitii  by  tlu'  dytititnic 
load  i.s  derived  frotn  the  kitietic  etiergy  of  the  ttt)) 
However,  part  of  tlu-  etiergy  of  the  fallitig  weight  is 
expetided  itt  aeeeleraling  the  betitn  so  tlnil  theoretically 
the  fle.Mtral  slraiti  energ\'  repre.senls  72'  ,'  of  the  energy 
of  the  .striking  weight,  for  the  weights  of  be.am  and  tup 
used  in  these  tests.  'Phis  is  the  inert  i;i  correct  ion  fac- 
tor included  in  the  e<|iii\’id(Mit  load  forniiila.  .\dditional 
energy  los.ses  are  involved.  .Mlltoiigh  contact  los.ses 
can  he  lU'gleeted.  ti  \'ery  considi'rable  decrea.st'  in  the 
energy  a\'ailable  for  flexure  of  the  betun  in  the  plane  of 
loading  may  result  when  biickliirg  of  the  beam  ilevdops 
because  of  the  lalertil  deflection  ami  twisting  prodticeil 
and  the  energy  Iransiuilletl  to  the  guides  when  the  tup 
is  deflecti'd  laterally  by  tin'  dislorleil  betiiit.  The 
fle.xural  slnviii  (‘iiergy  may  then  repre.-eiit  only  at)  to 
6()','f  of  the  kinetic  eningy  of  the  tup. 

The  flexural  strain  energy  was  eoiupnfed  from  the 
art'a  under  the  eiiui valent  static  lotul-deflection  curves, 
which  are  based  on  the  ob.served  dynamic  deflections 
and  permanent  .sets;  that  is,  the  actual  beam  perfor- 
mance. 'I'hese  strain  eni'rgy  \'alii(’s  tit  first  crack  or 
buckle  are  shown  in  d'ldile  F).  'I'lie  strtiin  energy  vtilnes 
to  fracture  or  buckle  for  heatiis  of  both  steels  tind  ejieh 
of  the  trealments  when  welded  with  l''(U)2l)  electrotles, 
at  the  test  tomperatiiri's  an>  shown  in  Fig.  18, 

The  aeeiiniulafed  strain  energy  stored  in  the  beam 


hill-  in  h'ravture-htivkie  Irannilion  lemperatitm 


under  ,suicessi\ i-  blows  as  computed  ma,v  be  affected 
l>y  strain  tiging.  Howe\er,  for  the  beams  tested  at 
teinperat tires  below  the  transition  range,  the  plastic 
ileforniai ions  at  rracture  were  small  and  because  of  the 
low  leiuperatnre  and  short  time  intervals  between 
blows,  this  po.ssible  tiging  elTect  is  believed  to  be  un- 
important for  the  comparisons  made  here,  Al.s(>,  at 
the  higher  tinnperat ures  wlu>n  biiekling  w'th  considera- 
ble plastic  deformafion  w,ns  imrolved,  the  exact  etiergy 
value  is  not  significant  bt'cau.se  th(>  total  energy  is 
largely  ilependent  upon  the  progre.ss  of  buckling  and 
wilt'll  till'  test  was  discont iniietl. 

In  genenil,  when  fractiires  de\-elop,  the  energy  values 
are  low.  When  buckling'  delt'rmines  iht'  ultimate 
behtivior,  iht'  strain  energy  is  considerably  larger.  Had 
the  beams  been  bfived  laleiiilly,  much  greater  deflee- 
tioiis  coiihl  hii\'e  dei't'loped  with  corresponding  in- 
cretise  of  plastic  energy  and  the  energy  values  would 
have  shown  ti  more  abniiii  drop  in  (he  fraetnre  range. 
The  points  in  Fig.  18  representing  strain  energy  for 
beams  in  which  the  test  was  fliseontinued  due  to  exees- 
si\e  buckling  namely,  at  the  higlu'r  temperafiires- 
iire  erratic  tuid  too  low.  Using  the  beam  deflections 
rather  then  sfrain  energy  would  not  greatly  change  the 
eomparisoii  of  behav  ior  since  both  the  deflet  ion  and 


strain  «iior(;\’  n'llci't  llin  amotint  of  plastic  (Ic.loniiatioii 
dov<>lop<Hl. 

Transi tion  Tem/temtures 

Kigurn  IS  shows  the  tciniH'nitiiiTs  at  which  a transi- 
tion in  type  of  failure  from  liuckliiig  to  fracture  occurs. 
This  temperature  is  taken  as  the  mean  of  a range  of  un- 
certainty within  which  there  is  a i)r(ihahility  of  either 
tyjje  of  failure,  according  to  the  numher  of  tests  made. 
Basinl  on  this  buckle  vs.  fracture  criterion,  transition 
temiJeratures  ar(>  fairl>'  well  defined,  as  shown  in  'I'ahle  t». 
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The  re.sults  show  lower  transition  teiniM-ratures  for 
the  weld(‘d  fully  killed  steel  hcams  hy  L’4  ° F in  the  as- 
weldisl  condition  and  4t)°  F for  hoth  the  strc.ss  relievisl 
and  pn'heat  treatments.  While  hoth  sttsds  show  more 
favorahle  tniusition  tcmpcratioes  when  wtddcd  with 
preheat,  the  etTect  is  less  niarketl  in  the  ca.se  of  the  senti- 
killtsl  sUH'l.  which  also  shows  no  improvement  hy  stress- 
relieving  trcjinncnt. 

The  two  gradt's  of  steel  seh'ctt'd  for  the.se  tests  liad 
appreeiahle  di!Tereiice,s  in  low-temperatitre  notch  .sensi- 
tivity. In  hoth  the  t'har|jy  and  Ktihii  tests  tin*  FK 
st«'l  showtsl  lower  h.ase  metal  transition  temperatures. 
The  heatn  weldments  also  show  more  favorahle  transi- 
tion temperatmes  for  the  FK  st(>el  anil  therefore  seem 
to  reflect,  (jnalitatively,  the  ha.se  metjil  pro|M‘rties. 
More  correctlv,  it  is  prohahle  that  hoth  the  notch  .sensi- 
tivity and  weldahility  as  indicated  hy  the  performance 
of  the  weldments,  reflect  the  same  inherent  itrojM-rty  tliai 
deterniines  tran,sitioii  temperature  tnid  crack  propaga- 
tion. The  N'ariation  of  transition  temperatures  deter- 
minctl  hy  the  Charijy  and  heam  tests,  dm*  to  specimen 
location,  arhitrary  criteria  tiiid  welding  treatments. 
diH's  not  irerinit  ti  (pijuititati\'e  correlation  The  rehi- 
tioii  of  Charity  itilnes  to  crack  propagtilion  will  he 
di.seu.sst'd  later. 

FRACnrRK.S 

The  origin  of  the  fractures  wtis  infliienced  hy  the  weld 
and  the  geometry  of  the  specimen ; that  is.  the  preseiiee 
of  holes  in  the  weh.  d'he  confignrat ion  of  the  frac- 
ture -.’a.s  also  influenced  to  some  (legn>e  hy  the  method 
of  loading.  It  has  heen  shnwii  that  ji  large  strain 
concentration  was  proditced  in  the  wi-h  at  tin*  inner 
(*dges  of  the  holes.  Likewise,  the  strains  in  the  flanges 
were  greatest  adjacent  to  the  weld,  op])osite  the  islges 
of  the  weh  holes.  Thi;  strain  rates  iiniler  dyiifimic  loads 
were  also  greatest  at  these  points.  'Phe  lioh-s  were 
formed  by  manual  flame  cutting.  There  were  .some 


gouge  marks  from  the  oxy-ae.e.t.vlene  cutting  on  all 
specimens.  'Phe  location  of  the.se  holes  immediately 
adjacent  to  the  flangi!  made  it  difficult  to.shape.  the  holes 
and  cut  a flat  flange  surface  because  the  torch  had  to  be 
held  so  close  to  the  flange.  H<‘fori'  testing,  the  top 
edge  of  th(“  hole  and  the  surface  on  the  flange  on  the 
tension  side  of  all  beams  were  smoothisl  with  a file. 
'Phis  filing  was  done  on  -the  earlier  beams  tested  to 
permit  placement  of  electric  strain  gages  on  the  inside 
curvi'd  surface  and  on  the  fiat  surface  of  the  flange  in 
the  hole.  L’siially,  this  filing  removed  oiil.v  the  scal- 
loped irregularities  of  flame  cutting.  DeeiJ  grooves 
could  not  lie  removed,  particularly  in  the  corners  of  the 
.si'inicircular  hole.  'I'liis  practice  was  continued  when 
gages  were  not  used,  lo  maintain  uniformity  of  ctmdi- 
tions.  While  the  gouging  grooxes  are  strain  rai.sers. 
till'  root  radii  are  relatively  large  and  it  was  found  that 
fractures  freipientiy  originated  at  otliei  locations  with 
smooth  surfaces  in  s]iite  of  the  existence  of  groox’es 
whii  h mighi  he  cxpci’tcil  to  invite  the  start  of  cracks. 
■Phe  surface  irregularities  them.selves  were  prob- 
ably not  critiial  lo  the  relative  behavior  of  the 
beams,  llowcxcr.  the  formation  of  shallow  thernial 
i-rjnks  .and  ihc  modified  siructnre  al  the  flame-cut 
edges  may  ha\c  itdlucncctl  the  origin  of  frai'ture. 
Sup|)lcincnt.ary  tests  on  nnwcldeil  beams  with  llame- 
piet'ced  holes  were  made  and  are  disciis.sed  later. 

Ph<‘  hcjiius  were  first  tested  !it  — lit)  to  — IJO'’  F.  at 
which  tcm|)er!itnrcs  coin|)lctc  fniciures  were  producoil. 
'Pests  W(>r(>  then  made  at  increasing  temperatures  until 
failure  resulted  by  buckling  withotit  fraettire.  In  order 
to  loc.aic  the  irtinsiiion  lem|)eniiiire  with  a minimum 
of  s|M‘cimciis,  the  tests  were  concent  rated  arouuil  the 
tnuisilion  range.  Plm  exiimi  and  configuration  of  the 
fniciurcs  were  related  tothe  test  ingtemperatiire,  projia- 
gating  further  across  the  .■«ei’tiuu  and  at  lower  deflec- 
tions !is  the  li'uiixTature  clccreascd. 

.\l  the  higher  lemper.atures  ,abo\'e  the  transition 
range,  the  beams  bui'kleil  by  sidewise  (h'lleclion  of  the 
niduac'ed  u|)])(>r  flange  and  twisting  of  the  section. 
\’erv  littli*  loe;d  crippling  of  the  weh  rcsidted  under  the 
loading  block  although  in  a prexious  inxestigation 
xvhere  beams  were  tested  ,at  room  t(*iu])erat lire,  pro- 
nounced ilisliiug  Iff  tltC  Wl'b  and  h>i  !ll  di-iUcssioU  of  the 
loaded  flange  xvas  prodttet'd.  'Phe  buckling  of  the  beam 
!is  a xvhol(>  xvithout  pronounced  local  distortions  may  lie 
due  to  the  hi'.ax’ier  tuir  .iised  in  these  ti'sts.  The  niaxi- 
mum  vi'ftical  deflection  produced  depended  on  the 
progress  of  buckling  xvhich  determined  xvhen  the  test 
xv.'is  di.scontiuned.  'Ph(>  large  distortions  demonstrated 
the  laek  of  brittleness  at  the.se  higher  temperatures. 

.\  photographic  ri'cord  xvas  m.ade  of  ail  heam  frac- 
tures. 'Phe  viexvs  .shoxvti  iii  Pliites  ,'I  to  bn  are  intended 
to  Illustrate  tyiiical  fractures  in  a .seipienci'  of  propaga- 
tion xvithout  ri'giird  to  tlu'  particular  steel  or  treatment 
hut  are  identified  for  refiM’ence.  \ coniplete  record  of 
tlu'  ty])e  of  fracture  is  givim  in  'Pahle  5. 

'Phe  first  xisible  sign  of  distress  in  tin'  splice  as  the 
test  tmnjieratiire  dccrea.sed  xvas  the  formation  of  a 
“dimple'’  i.e.,  proiuDinced  contraction  of  thickness 


- r 


1 I ' l>r.  U.  nl.  10 

t.  hurkl.'.l  „ ,//,  :■  /.>  II 

...«  r /I,./,.  ir.f/,  rr.l.  li. 


III  ill''  mimc.liaicl\  al.n\,.  il,,.  ,,i,  tl,.. 

* 'll'  ili'tomiai  luri  wa'  in  tlir  «c|,|  mrlal  lait 

'■*  I"""’  ">  iii.'iXinmiM  Mrain  rcinaail  ratii.n  i>cc  1‘1,'ilc 
''I'lli'k  tli'V  l■lu|l(■(|  anil  the  liram  ir-i-Ii-.l  .|\- 
iKiimr  l.iail  In  liiirklinu,  •I'll,.  tiiM  nra.-kv  prn.|ll,v.|  nr. 
I'lllT.'.l  al  ihc  Inp  cly;,.  ||ir  |nurl'  linin  A'  -hnu  n in 
Plain  4,  ihnM'  nrank>.  annallv  lnar>,  nxlnli.ln.l  , In 
* ill.  I lin  VM'ld  iiinlal  and  (lid  iinl  pinpaiiain  uilli 
.Mllisni|l|nlll  Nnu<,  Sninn  nl  l|in>n  pariial  uni.  .-la.k^ 
alsn  nxinlidnd  In  lilid-lininln  n|  ilm  unl.,  I'laln  .'i,  ni  nr 
adjannnl  In  ihr  unid  H[i  In  llin  liniillal  axi.-  and  limn 
niiinrnd  llin  liasn  innial,  >nrnnlinin>  Inriniiial  iiii;  in  a 
"dlllipin"  nr  Innal  nniillanlmn  ulinrn  llin  nlinru.V  ua-  n\  i- 
dniillv  di»ipalnd  liy  pki'lm  dntnrnial  mn.  I'lin  unl. 
nrark>  tniidnd  In  l.rannli  and  >.iinnl  11111-  nxinndnd  in  l.lm 
Iip|inr  llaiiy;n  (illnlv  Pmin  tlm  ,v,-aln  pallnni.'  n|i  llm 
"nil  >lil1ann.  I ins  I .la  linl  i i | ,.-  nra.'k  -.•nnind  In  Im  aM.ldllm 
llm  Innal  nnlnpr,->lnli  /n|,n  nildni  llm  Inadlliu  I'Innk. 
Hnuiucr.  tlm  liran.'liim;  nnniirrnd  al  ililTnrnni  Imichl- 


/■l.jfc  .>  / ^ /..  .ini  ,•/  f.  w,../  ,if  -10  h ft  ,.l, 

. r.u  k Sl„ru:l  i„  ,.  rl,l  ,,l  .l.  tl.  rt i,.„  „f  i'.  JI  in.  .■xl.  n,h;l 
.IX  Hhnn  n .1  f ./.•//,■.  I„.„  „/  in.  Crnrk  t.  rmin„lr>  in 
imlnl  n itit  "ifinifttf"  at  vini 


.kT 


0 


I Inir  t SK  Innin  f II  Irsir.l  „s.n,l,h-,l  nt  i 20  / 

Ill  Iirhl  III  nj  Itnlf.  It, ■uni  Inirkiril  willi  >lfll,-i-ii,,n  n/ 
-.III  in.  ijil/i  nil  itri>i>ufiul inn  <if  rrin'k 


/’/.If,  0 IhInnni  Oil  f .x  fn,/  ms  - 1,  ,■/,/,,/  ,i  f .Jff  /. 
i rurk  sturl,;l  ,,,  n.  I.I  , f.„„  ,,/  ft  ,7, 

'•il<‘Hih;l  mill  llunuf  I riirinrril  III  1.00  in 


If  >-h  oiul  Jhuxuv  fr,i,  l„r,;l  ilrflrx  lion  of  0.<K>  i,i. 

friii  lori'  iihinil  ' , i,<.  trrftf 


- to  I . 

Hun  if#' 


I'lolv  H I- h hcom  t>  i (rc/</<'</  n ith  /tn'lxval.  Ix’sioi/  ui  - 
/■ , II  fh  <r»icA  xlarlfxl  <it  holo  ol  of  O.M  i„  || 

< r.»  A uill,  II, ./i  ,11,,/  /loouv  , r,„-  ^ „f 

1.02  in. 


!'l'  .111,1  II,  ;i  |,.u  <|;ut,.,l  rinse  |u  ||„.  l,,u, 


III  I 111'  u r 
liiili. 

Hii.  iii  xi  jiiiiiipiii^  ,,l  liiiriiirc  piiiirnis,  ;is  llic  icni- 
piTiilini.  ilf|.n.;isi.il,  llll■|l|,t,.,|  I lariiiivs  in  ,1„. 

.Hill  liiui  r flaiini'.  I III'.','  niiiiliincil  iVarniics  ii,','iim.,l 
'iimillaii,.,,ii'|y  in  .a','  ll,,.  flanyr,.  hmak  nr- 

'■iini'il  al  a lilnu  miIi','(iii,'IiI  In  ll,al  pmiliii'inn  llic  well 
|■|•;l|■k.  Manne  nai  k'  nii  iim'il  l.nlh  in  III,'  welil  inelal 
'■Hill  in  the  lia'i'  111,'lal  al  ' , In  ■ , ni  linn,  ll„.  I'lljr,.  ,,f 
|||■|■'mnaM>■  iinla\ uralile  miiilil  inii' 
'■M'l  al  llie  laller  Ini'alinii;  iiai  iiely,  I lie  heal -aflerl ,.,  I 


znlii'  ami  Ihe  liinliel'  'li'anis  ilile.  ll'e  niiili 


r I lie  ,'dire  III' 


In-  iinii',  \Mili  |h|.  pnssilil,.  aililillnlial  ciyei'l  nf  ^niij-e,-- 
lui'in  llaim-'iiltinu.  I'lanni,.'  ,,1  il,i'  lypi'ai,'  .'tiiiwn 
III  I’lal I'l.  7.  anil  .s. 

\|  l.'ie  liHW'i-  leiiipi'ialm,.',  rnH'iih'ialily  helnw  ihe 
"'■"mltlnn  laime.  llie  liarlim''  u,',-,.  rninplel,.,  nriKinal- 
Ii't;  anil  pniiiayniliiii:  llimimli  ll,,'  enlire  wel,  ami  Imlh 
llanue'  iilnli'r  llie  'aiiie  hlim  'I'ypiral  l|•al■lll^es  nl'  |lii' 
lyp.'  are  'linun  ,,,  Plale  II  In  l_>.  The  l.ritl leliess  at 
'll"','  leiiiperalines  i'  imlnaleil  l,y  llie  irie({iilaiity  of 
I Ik-  Iiai'k'  ami  'halleniiK  leiiileney.  The  entire  fiae- 

-"■l  ime,!  Ii'ly.  with  'inall.  ehisti,'  I, earn 

'lelh'i'i  Inns  ami  sliaiii  inerny  alisniplinn, 

xeepiiniis  in  the  ('eiii'ial  (iniiipiiiii:  of  fractures 

aie  >hn\Mi  in  I'lales  l.'t  In  I .i.  Ni ii hiiin  imusiial  was  oh- 
s<r\ei|  In  aei'nimi  fnr  the  fiaetme  in  the  flaiuje  miiier 
the  eilne  ,,f  the  hole  with, ml  a well  eraek.  The  frae- 
iiire  thniiiiih  the  Inui'i  llaiure  reniule  fioin  I Ini' welded 
/one  ami  propacatiim  in  the  wel,  without  rejiard  to  the 

'I'Iki'  eannoi  I xplaiiied  evepi  that  the  beam  was 

wehleil  with  |)reheal  exinmliiin:  sniiii'  distance  either 
-ide  III  the  sphee  whieh  may  ha\  e alTeei,*,!  the  material 

ndelerniinate  manner.  This  is  one  of  those 

miexpei'ii'il  results  In  whieh  e\cry  in\-esti|iation  is 
emit  led 

I'lie  fraetnre  shnwn  III  Plate  l.i  is  of  interest  heeau.se 
"I  the  imlieateil  origin  of  the  eraek  at  a weld  not  as.soeia- 
led  with  the  splice.  In  lesliuK  the  heaius  early  ,n  the 
piojjram.  the  loadiiiir  hloek  was  lu'ltl  in  irlaet*  hy  in\-erted 

angles  ha\  iiur  ll ,,f  one  le(j  welded  to  the  toj)  sur- 

lai'e  of  the  lhui|re  with  fillet  welds  ysee  Plates  I I and  12) 

I he  eraek  ajipeared  In  orijriuale  al  a small  siroi  on  one 
III  lhe.se  welds  and  propairaled  throimh  the  ha.se  metal 
"I  hoih  flaiirres  and  weh,  Tim  fraetnre  surface  was 
fine  jiiaiiied.  Ihit  without  ehe\'ron  markings  (l(>inp., 

’ It  is  inleresliiui  to  note  that  while'  tlu' 
upper  llann'e  is  siihje,.t,.,l  |,,  tension  diirinn  llu'  uitward 
viliralioii  eyrie  alter  the  Mow,  the  matJ:nilude  of  thi' 
upward  dellei'tion  , hiring  this  first  iieKalne  cycle  is 
appioxinnilely  onl\' one-l hird  ol  the  (low  nward  (h'flee- 
lion  ol  Ihe  first  toreeil  \ ihralion  eyeie,  due  to  lliera|)id 
dampiiir:.  I herelore  the  Iraelure  oriniiiaK'd  in  tlu' 
upi>er  flange  welil  at  laehin)>-  the  anyde  at  nominal  slre.s.ses 
eon.siilerahly  less  than  those  to  whieh  tin'  luitt  splices 
were  siihjei  ied  and  must  he  tillrihuied  to  hteal  iiuiter- 
leetious  iii  these  part ieithir  welds  since  siiuihir  altaeh- 
meiils  on  other  heams  heha.x'ed  salisfaelorily.  The 
loadmti  hloek  was  later  held  in  place  hy  simple  hohed 
|•onneelinns  to  a\oid  these  additional  welds  The 


Irai'iurc  ilnc.''  indii'juc  tlu'  i>l  iIm'  niaicrijil 

;tt  this  Inu  tciiipiTfUiii'c 

1 lie  I'h.'il'tirtfr  i)i  I Ilf  rr.'li  l lllf  MH  iili  r viii  ifil  ilfprlnl- 
ing  upmi  « lift  Ilf  r the  hffjik  was  w itliiii  the  Wflil  or  litisc 
uifial.  1 Ilf  Irac t iii'f  siii  fin'f  in  wfli  1 nif tal  w as  irn'giilai 
ami  raggfil,  ifiiiliiig  tn  hfriiitif  tlaltcr  at  tlif  lower 
tfittperaturf . \\  lieif  tlif  lufak  offitrrfil  ailjai  ftit  to 

thf  Wflil  II!  tlif  hasf  iiiftal,  the  I'rai  tiire  was  eoalsf 
granular  and  ntteii  sliowed  a clifVToii  pattfiii  poiiiling 
toward  the  top  ot  tlif  l<iwfr  Imlf  in  the  easf  ot  the  Wfh 
fraetiires  or  lo\\aril  tlif  hottoni  ot  thf  holf  m thf  lowfr 
tlangf  hreak.  1 hfsf  lowfr  tlaiigf  I rattiirfs  iisiially 
were  inore  irivgiilar  toward  thf  oiitfr  fdge-  with  thf 
I'rartitif  liei-oiuiiig  llattfr  w ith  tiiif  ipaiii  tfxtiiif  diifetl\- 
iitidfr  thf  liolf  whii  li  I'  Ml  tile  lillft  ifgioit  of  thf  hfaiii 
111  thf  <!i'f  of  Iirain  hiiin  weli  eiaek'  wholly  iii  thf  liit-f 
iiiftal  isff  i'.liotoiriiiphs  , ihe  frartiiif  ^iirfaef  iisualh 


was  foiiiparal  i Vf  Iv  Hat  with  fine  grannlur  texliire  al- 
though ill  soMif  rases  oiif  hraiii'h  Would  he  grtiiiitlai 
while  the  other  was  ragged,  eliaiigiiig  to  fine  graiiitlai 
near  the  upper  flange,  The  fraeture  iti  the  upper  flange 
was  alwu,\  s fine  grainilar.  The  apiiearaiire  of  the  frae- 
t III (•  is  perhaps  related  to  t he  speed  ol  |)io|)agat loii  which 
IS  fhangiiig  with  the  rediietion  of  heaiii  seetioii.  In 
iiiany  ot  the  hranehing  weh  fraetitres  progressing 
through  tlie  base  metal  a fine  lip  was  foiitid  at  the  edges, 
t treasionidly  tliese  lips  were  pre.sent  in  irregular,  ragged 
hreaks  hilt  wiMf  more  distinct  in  the  fine-grainefl  frae- 


r/nfr  to  Sh  hrum  .>/;/  strrsM  roUwrit  ami  tiKstvil  at 
k . I'.oniplvtv/ravtarv  at  Hrjln  tian  af  0.60  in. 


M 


Plate  9 PK  hearii  60/  tv^leil  as-ttelried  at  —35°  F.  II  eli 
rrncli  stnrtcrl  at  dc/lertioii  nj  0,73  in.,  complete Jrarinre  at 
1.16  in. 


' In'ani  3h  tcchlctl  icitli  preheat.  tt\tteil  at 

/•',  t'oniplete  fracture  at  ile/lrctian  of  0.  17  in.  Early 
teat  union  uelileil  annle.s  tii  luilH  liunlinu  hlock.  fracture 
oatsifie 


Platel'J  >K  hiuutf  li  I iW  ~II4  t.  ^ inttfitviv  f nivt  tir«^  at  t>f  if.SS  in.  \ntr  irrvgulnr  hranrhin/i 

rrarks  anti Jittr  nrtt  rntrk  tt»  ieft  tvrtninatini:  at  itnirr  flnne**  fiUrt  nhtn>t  20  in,  front  thr  Mptirr 


turcs.  Nil  lip,'  \\fiv  1(11111(1  dll  tile  ll:l'■|l^(•'  pmilliccd  ;il 
lii<>  CXI rcmclx'  1((U  iciiipci.'iiiii'i'  1 1 *1 ' i'  Imi  were 


4 • D 


|in'.'ci)t  .11  -till'  I'  ami  hiKhpr.  Aflfliiimial  iib.'pr\'a- 
iioiis  ciiiicei  nine  il'p  liiriiiaiiiiii  nf  pilec  lil)>  lire  ei^'Pii  in 
ilic  ili'cn.'-.'idii  id  I i-aci lire.'  priiiliiced  when  pressed 
iiiiiclie'  \M'i'e  liiniied  ai  llic  well  liidc  t(i  iiiitiale  a well 
(■rack  ill  an  iinn  elded  lieaiii. 


Platt*  i:i  Shi  Itvtnit  ti4l  tvvitlvtl  iiif/i  prehrat,  tfstvti  at 
-20  h\  hnu'larr  in  fJannv  tnti\„  tmt,-iitir  t>f  fianiit*^  irrifi 
nntiar  vtiue  of  hoiv  <tt  tlvjlvrtittn  of  0,47  in. 


Piatv  14  SK  IfPttnt  4D  uoltlfti  tvitit  preitoat^  tented  at 
40  h\  h rartnrr  rrntnte  from  U'rJdintt  znnr  at  defiertion 
of  0,02  in. 


/'/life  /•>  SK  lii'iini  .1  tl  >lrr>.\  ill  - /•<  A. 

('riirk  Hliirti^il  ill  iintilr  Jixliiri'  ifi^lil  no  lt*p  tliiiiiii*  mill  i^t- 
li‘tlili‘il  lliriiiiuh  liiiHi'  llll•llll.  Ti'kI  ili.ii-iirili‘il 


ST«M\  H VI  KS 

St  ruin  nito  |iiii<!iicnl  Ky  iiii|i:n  t .(ir  mil 
(•'.iilnaicil.  |i:ii t imhiil.v  wlicn  flcxur.'d  'ir.-un'  ;<ic  in- 
\ itl\cil.  Iidtli  cla'lii'  and  incla-t  ic.  ami  Im  al  di^ciinl miii- 
|l|•(ldm■l•  imlctcnninatc  Im  al  rintrcKlraliiiii^.  Ii\cii 
in  the  cax'  ut  'iiniilr  ll■n^iun  iinpai  t,  tin-  'train  rain  ai 
llic  in.'tanl  nf  irartnic  ranimi  lie  ilci ^•l■|nim•d  trcun  ili<- 
striking  \('liM'it\'.  cX'i'pl  that  a icaxinalilc  i(p(trii\iina- 
tinn  I'.an  hr  inadr  \Oicn  the  'pcrimrn  hrrak'  uilliuni 
apprrrialilr  pla.'lir  drii  ifnial  ii  m willi  a .'liiall  rxprmJi- 
tnrr  nl  rm'iyiy  ami  lit  i Ir  rliaimi-  nl  \ rlnrii  y ui  tin-  .'t  l ik- 
ing nia.'.'  ori'iir,'  diirini'  llir  iall>'  rla.'iif  irari urimi 

iipcmi  inn.  I'ndcr  llr.Miral  impart  luadiiiK.  ihr  inrrtia 
rtTcrt  Miliimptirl  plicmmirna  tit  id  riTrri  s uf  di.^ronl  iniii- 
lirs  riirilirr  I'onipliralr  tlii'  pmlilcin. 

Ill  llir  lotidinii  npm'al  inn.  a Inirr  (,'lirssi  i.'  appiird  at 
a ptirl  iriilar  rjitr.  ’I'hr  driurnial  inii.'i  ai'r  .at  tir-il  r.'.srn- 
lijilly  rla.-ilir.  W’lirii  I lie  .i|  ir,'.-<  I'rtirlirs  I lir  yield  pniiil . 
the  slrc.'i.s  |•(■Ill.•lin.'  rnii.-'lanl  until  rnnsidrrtiMr  pla.'lir 
defnriDiit  ion  li.a'  .'u  allrred  the  pmprri  ir,' a,'  to  |•(•(jlli|•r 
an  liicrea.se  of  .sire.s.s  to  priMliirr  Inrihrr  detnrintition. 
'i’hroitniioiil  the  "yield"  ranne.  the  ela.siir  .'trtiin  roiii- 
potitait  laanains  rnn.siani  and  only  the  plastic  rom- 
pnliciil  iiirrrtisi'.s.  Thr  clast  ir  strain  tale  is  zero  in  the 
yield  raiine.  When  strain  liardeiiinn  develops  im  re.as- 
iiiH  the  stress  rei|iiired  to  roniiniie  deloniial ion.  the 
rtile  of  increase  of  the  el.asli''  roniponeiil  is  low  even 
tliniiKli  the  rate  of  plastic  defortnatioii  intiy  he  liifrli. 
Since  it  is  the  liinilinjr  internal  folia-  (stressi  which 
delerniines  fracture,  the  .'(iiionnl  of  itlaslic  sir.-iiii  pre- 
cediiifr  fracinrt-  is  iinporlani  only  in  so  far  tis  it  htis 
tillered  tin-  resistance  of  the  nmlerial  at  the  partienlar 
leiiipertitiire.  It  is  I he  rat c of  tipplicat  ion  of  t he  Hast  ic 
stiiiiii  component  which  is  si}iiiificiini  in  the  dynamic 
frtictnriiin  operation,  rather  llitiii  the  total  sirtiiii  rtile. 
'File  inatjniindc  of  the  iiiteinaf  stress  timl  its  rate  of 
application,  holh  ol  which  tire  proportional  to  the  eltis- 


lic  strtiiii  l•on)pollent . lonether  with  the  propertie.s  of 
the  nialcritd  existiii)i;  at  the  test  temjieratiire.  determine 
I he  chanicler  of  frtict  lire. 

,\  t vpical  strain  and  ^•ol  |•e.spllndin^^  defh'ct ion  traii- 
'ienl  taken  from  one  of  the  film  records  is  .shown  in 
Ki);.  111.  Fhe  upper  I |•ilnsienl  reprc.seiits  the  .strain  on 
the  weld  at  midspaii  of  the  lovver  flaiifje  surface.  'Fhe 
sirtiiiis  in  the  weh  at  the  curved  snrftice  of  the  hole 
follow  an  almost  iileiil  ictil  ptillerii.  dilTerinn  only  in 
mtiiiiiitnile.  Slrainsiii  other  local  ions,  recorded  simul- 
itincoii'ly.  are  not  shown  to  avoid  confiision.  The 
lower  transient  represents  the  deflection  ;it  midspaii. 
Fhis  lecord  vvtis  for  a .'fll-in.  drop  oti  an  Six  hciiin  Icsit'd 
at  II’  1'.  No  perniiineni  sets  Were  produced  at  this 

hlow  . 


h ill.  I'*  l'\  /liriil  l•lrllin  nml  ilrllvr linn  Ininxii'nls 


File  niennki lilies  of  the  strain  ptilli-ni  reflect  the 
sn|)crim|)osed  elTects  of  heani  cnrviitnre,  siihimpact 
and  stress  waves.  'Five  deflection  nirve  is  the  iiite- 
uniled  clfect  of  strains  thronnhont  the  beam  and  is  not 
.sensitive  to  the  local  slniin  variations.  The  initial 
stiiiin  rate,  iinnicdialely  after  contiict  of  tlie  tup.  repre- 
sented hy  ilie  slope  of  the  first  .serration  in  the  strain 
l>altern.  is  of  tlie  order  of  4.")  in.  in.  sec  and  reaches 
liinhcr  V allies  for  uri'ati'r  heiuhts  nf  hill.  The  ina«nitiide 
of  the  strain  reached  at  this  hinli  rate'  is  about  50^7  •’! 
the  maximnm  strtiin  prodneed  by  this  blow.  Obviously 
this  slniin  is  not  reltiled  to  the  over-till  bi'ain  curvature 
vvliicli  is  associ.-iied  with  a very  small  deflection  in  this 
lieriod  of  lime.  .\t  the  instant  of  fracture,  these  vibra- 
tions would  he  damped  by  the  phistic  ihd'ornuition  ac- 
coinpiitiyiiijj;  the  frticlurinn  process  tin d (irobablv  do  not 
add  ii|ipreci:d)lv  to  the  elastic  strain  iit  fracture.  He- 
ferrinp;  to  the  fri-e  vibration  cycles  tifter  the  first  forct'd 
dellei  tion  of  the  licani,  the  localized  stiiiin  variations 
imlicated  by  the  ripples  snperinipo.sed  on  the  mean 
curve  diminish  in  intensity  with  the  mitiiral  dainpiii}!:  of 
the  lieam  deflections.  Siiniltir  ptitterns  for  the  strains 
;it  the  hole  where  phi.stic  deronnations  are  produced  at 
an  early  stane  are  much  smoother  afti'r  the  forced  cycle. 

’Fill'  mean  slope  of  the  upward  recovery  portion  of  the 
first  cycle  repre.sents  the  eltisiie  strain  rat(>  due  to  beam 
tiction.  I'oinparintr  this  rate  for  the  fhuifje  strains  with 
that  determined  for  the  stniins  meastired  on  the  curved 
surface  Ilf  the  hole,  it  was  foniid  thill  the  strain  rtile 


/ 

.♦  / 


111  the  hole  iv!i.s  jilioiil  Iwd  limes  the  liite  on  the  lliinne, 
Sinee  the  stniiii  inerenu'iits  oeeiir  in  the  siuiie  time,  this 
means  that  tlie  miiKiiitiidi's  of  the  strains  were  in  the 
same  mtio.  This  atfitH's  with  the  diri'ct  ineastiremeiils 
iimde  in  the  static  t(>sls. 

h'xe('|)|  for  .some  of  the  fraeliires  which  oeeiirreil  jil 
llie  lowi'si  ti'inperat tires,  with  relatively  small  lieitilits 
of  fall  of  the  tup,  tin*  ttmsion  jianes  were  hroken  hy 
exee.ssive  strain.s  In-fore  fracture  and  tlu>  strain  rales 
had  to  l)(‘  iipproximatt'd  from  tin*  availalih*  dellia-tion 
record.  The  rate  of  the  dellt'ction  rt'eoverv  is  consist- 
ent with  llieelfustie  lower  tlanut*  strain  rate  record  when 
eonvertiHl  hy  theehislie  ndation  lu'twtH'ii  deflection  iind 
strain.  This  is  tnie  tilso  when  the  lilow  prodneisl 
large  permanent  dt'lK'etions  indicating  tdiistii-  action 
during  rt'eoverv  and  jnstifving  tin*  approximation  ,of 
elastic  strain  rtites,  with  ti  concent  nit  ion  factor  of  ll 
from  the  deflection  records.  In  general.  th(>  fnictnrcs 
oecnrred  after  apjirt'cialilc  plastic  deforimition  and  the 
total  measured  defh'ctions  include  hoth  eliislic  and 
plastic  components.  However,  due  to  the  shai»e  of  the 
stre.s.s-strain  curve  for  this  material  in  which  the  stress 
remains  es.si'ntially  constant  in  the  yield  range,  the 
elastic  com]Him‘nt  of  the  deflections  prohalily  d<H's  not 
increjvse  greatly  In-yond  the  \ alue  at  the  flexural  pro- 
portional limit,  ('(inverting  the  elastic  dcfh'ction  rales 
to  strain  raUis  at  tin-  hoh',  tlu-  maximum  strain  rate 
pnxluci'il  in  lhe.se  tests  is  of  the  onh'r  of  O.iMI  to  l.tl 
in. 'in.  .s('c  for  iH-ains  which  devi'lopc'd  stnictnral  vicld- 
ing.  ?'or  Iieams  ti'sti'd  at  — 1 15"  !■'  which  liroke  in  the 
elastic  range,  the  strain  rate  was  alioiit  D.Stl  to  ll.lttl 
in.  in.  sec.  Tlu'  tinu'  to  nuixiimint  strain  and  deflec- 
tion was  0.(K)7  .sec. 


20  Dynamic  fiejiection  rate  at  infUra tvil  tt9taf  «/«•- 
flecfions  am! fractiin\  ScmikUli  ! xtec! 

,4.  riirr#*  /ttf  a»-4rehtrtt  tn*attiM.  .N*— .'VoriMr#*  t’urt'f  fttr 

trtih  \itmrrirnt  /»«•«#»» 

riv/tffliitnn  iuvIintifiM  noln. 


..\s  a flirt  her  study  of  the  si  raining  rates  at  \arions 
leiiiperat tires  the  diilji  shown  in  higs.  20  and  21  were 
derii'ed  from  the  dyniiinic  deflection  rec(irds.  'I'lie 
aicrage  deflection  rate  Ad  7.  is  taken  as  the  slope  of  the 
line  drawn  from  the  starling  point  of  the  foreeil  deflec- 
tion cycle  to  the  point  of  inaxiinnin  dvnamic  deflec- 
tions. This  ai  crage  slope  is  prohalily  a fair  approxima- 
tion of  the  riitc  of  the  elastic  coniponeiit.  particularly 
when  large  .sets  arc  produced,  and  Sil;t.  can  he  talveii  as 
a measure  of  the  strain  rite.  The  lariatioii  with  tem- 
pcialiire of  the  deflect  ion  rules  to  produce  a gii'eii  deflec- 
tion are  shown  hy  the  lines  rcprc.senling  increments  of 
deflection,  A = (I,  I.  11.2.  etc.  The  deflection  rati*  to 
proihice  a giicn  deflection  appetirs  to  increase  slightly, 
alioiit  5*',  . with  decreiising  tcmperaliirc  over  the  range 
of  these  tests  i — 11.5  to  +SD"  F).  l)cfl(*cl ions  lower 
than  ahoiit  t),.5tl  in.  reprc.-eiit  elastic  action,  without 
Iteniialiclit  set.  This  ('haiige  in  deflection  rule  suggests 
soiiu'  elTcci  of  tcmperaltire  on  the  properties  of  the  ma- 
terial. possibly  till' damping  capacity. 

The  deflect  ion  rules,  i.e..  strain  rales  at  fracture,  de- 
crease with  dccrea.se  of  temperature  (ahoul  I2^'(.). 
riie.se  avt'iage  (Icflcction  rates  reached  miiximum  values 
of  12(1  to  l.'h)  ips.  The  fracture  points  for  lieains  with 
pre.sscd  notches,  to  he  discus.sed  later,  are  also  shown. 
‘I'hiit  the  deflection  rales  to  t'ractiirc  arc  smaller  than 
the  welded  hcams  with  holes  indicates  a grt'ater  con- 
ct'ntriition  fai'tor  tind  strain  at  the  sliiirp  notch  as 
compared  with  the  wch  hole.  The  data  are  limited 
for  the  piirpo.st's  of  iht'.se  comparisons  ht'caii.se  the  in- 
vest igal  ion  wius  jdaiined  priiiiaril>-  to  determine  transi- 
tion icm|H‘i';il iiri's  and  most  of  ihi“  tests  were  concentra- 
ted within  this  critical  range,  which  diH-s  not  provide 
siifficicnl  data  for  a mori'  extensile  analysis  of  strain 
r;it«'s. 


H/t.  21  IHnamir  ili'Jli'rlinn  r«i/c  ill  i mlirii Iril  lolnl  de- 
Jlfi-liniis  mill  f mil  iirv.  fully  killnl  si  ri’l.  Si'r  leg  full , Fig,  20 


J'ltl’J'AKA  l'IO.N  OF  WKB  HOLKS 


De/orniutiuns  at  t'ailiirv 

Tlu‘  (iefloct  ions  ol'  tlie  I'cums  at  Ifai-tin-v  or  when  tin- 
tests  Were  discotit  ititietl  due  to  bueklitin  tire  shown  iti 
Table  a.  Tlies(>  totiil  dellert iotis,  itaditdinn  pennanenl 
sets,  ndleet  tla-  iniejff.'ited  del'oftnat ioti  of  the  entire 
heani.  l.o('al  stniitis  were  iin-iisttred  with  elect rir 
straiti  jjapes  oti  tiiiitiv  of  the  In'atns,  hut  these  (jtines  were 
hrokiMt  it)  tnosi  cases  loti>{  iiefore  ultimate  failure  of  the 
heatii.  To  ohiaiti  some  tueitstire  of  the  inaximitii) 
straitis  de\'elope(l  prior  to  ftiilttre,  fine  sertit cites  were 
scribed  on  the  tiMisiott  tlattue  surface  ainl  oti  the  weh 
iliri'ctlv  o\(‘f  till'  Ito'c.  These  scnitchcs  were  made  at 
' ).i  iti.  ititervitls  o\<<r  a lettuthof  d iti.  On  the  Ihnujc, 
two  lotit;itudiittd  na|{e  litt(‘s,  ' , tnid  , ii;.  fnan  the 
(slue  were  phicisl  syttttnet  rictil  with  tiiidspan.  thus  in- 
(dttiliut  the  weld  atid  extimdin^  beyond  the  biatndtiries 
of  the  web  hole.  The  web  ^a^e  line  wtis  aluatl  t).tl4  in. 
tlbovt'  the  odjje  of  the  hole  at  tniillciinl h . I>islance' 
weri'  tuetisuft'd  lauwetm  scrat cites  with  tin  optical  itii- 
crometer  hio  iiti;  a tttinitiitttti  rctidin^  of  tt.tltltU  in. 

Thes(>  tnetisttrettiettts  v;i\'e  some  indication  of  the 
attiontit  of  pl.'isiic  slrtiin  developed  prior  to  friiciure. 
The  strsiitt  tissocitited  with  the  fracinriiin  procc--s.  beittn 
very  local  aitd  incluileil  iit  a sertitch  intciwal  lo.-i  by  the 
fraetttre,  cottlil  tiot  be  dcterittiitcil.  Finure  show.- 
typical  plots  of  the  ttieasttred  strains,  htiscd  on  ' |..-iti. 
Kane  letiKths  fitr  two  heattis  ^^hich  laickletl  withotit 
fnictitre.  Betitit  .')Kl  was  FK  itttwtdded  with  ti  ilrilleil 
weh  hole,  tested  at  — 1 1 'J°  F.  ilcveh  iiiiiiK  a ceitter  tleflee- 
tiott  of  I .Jt)  iti.  .Heatii  Jl'!  w;is  SK.  tts-uelded.  testcil  at 
+ lt)°  I''  attd  dc\  »doped  :i  ceitler  detlect  imi  of  'J  .Vt  in. 

A suiirnuiry  of  the  dtiia  for  tdl  beaiiis  show.s  .a  ntarkeil 
decrea.se  of  |jhistic  deformation  |irecediuK  fractitic  with 
d(*crea.se  of  teiii|iei'ai tire,  in  liotli  the  tlaiiKe  tiiid  w<d>  :vi 
the  Intie.  These  \ tirialioiis  iti  the  tlaiiKc  tire  front  tiboiit 
0.2*  f at  -ll.”)°  F to  S','  ,'it  -t-dt)°  F.  with  it  iciideiicv 
for  the  (‘(Ikc-  strtiins  to  lie  siiiidler  than  ilio.>e  clo.-er  to 
the  weh  line,  part iciihirly  at  the  lower  iem|>er:itnre. 
On  the  web  over  the  hole  the  sirtiiiis  \ tiried  from  tt.2' , 
at  — I l.')°  F to  2ft' , at  +dll°  F.  The  lower  value  is  the 
limit  of  acctiiacy  of  the  iiieiisiireiin'iits.  The  strtiiiis 
(III  the  ciir\’ed  edne  of  the  hole  were  |)robtdilv  somewhtit 
larner  than  tho.se  recorded  tdiove  the  hole. 


Fig.  22  Dvjitrntat iums  in  jUiitfiv  ami  uah 


DiiriiiK  the  pritKi'ess  of  the  inipaet  te.sts.  it  \va.s  ap- 
parent that  the  presence  of  the  web  holes  whiidi.  in 
effect,  foriiieil  tin  internal  notch,  iiitrodiicisl  a eritii'al 
condition  for  the  initiation  of  cracks.  In  addition  to 
the  Keometry  factor,  the  weh  weld  teriniiitited  at  the 
hole  iiiid  the  holes  were  fhiisheil  to  shape  In'  flattie  cut- 
liiiK  jifter  weldiiiK.  in  order  to  renio\e  iniperfectioii.s  at 
the  "run-oiit."  'rite  striiin  conceiitration  at  the  hole 
and  the  i(dati\'e  plastic  liehavior  of  the  weld  and  ha.se 
mettils  ha\'e  been  disciis.sed.  'I'he  possible  effect  of  th(‘ 
thiiiie-cnt  linisiiiiiK  operat ion  on  the  initiation  of  cracks, 
wjis  (|Uestioiied  and  a few  siippleiiieiitary  tests  were 
iinule  to  pnn  ide  sonie  inforination. 

Four  niiweldiMl  heiniis.  ;is-rolled,  were  proi  ided  with 
Web  holes,  sininhit  itiK  tho.se  Used  in  the  weldeil  beams, 
by  pierciiiK  the  Web  and  shapiiiK  to  size  by  oxy-iic(‘tylene 
tlaiiic.  This  pierciiiK  operation  inirodtteisl  more  local 
heat  than  liie  tinishiiiK  after  widdiiiK  with  the  likeliluxKl 
■ it  indiiciii):  Kfenler  residiitd  st re.s.-.i-s  and  the  etlges 
Were  soiiiewlnit  more  irrcKiilar  due  to  the  difficulty  of 
iisiiiK  the  torch  so  clo.-^c  to  the  tlaiiKe  surface.  'Fhe 
residiiid  St  res.-s's  induced  are  not  likel>'  to  hiu'e  eoiitrib- 
iited  to  the  failures  since  ]ilasi ic  deforinat ion  preceded 
the  tractiires.  Four  beams  of  each  of  the  two  materials 
were  testetl  under  imptici  at  \arious  tem|X“raUires. 

The  results  tire  rded  in  Tabh*  o.  I'he  FK  beams 

fractured  with  cracks  startiiiK  at  the  holes,  at  or  Ixdow 
-40*  F iiiid  buckled  tit  —20®  F.  .siiKi’t‘'‘t hiK  « truii.si- 
tion  lemperai lire  of  about  — dl)°  F which  is  the  same  as 
the  as-wcldnl  beams.  The  SK  beams,  fi'iictun'd  at 

Il'»°  F but  buckled  at  -1)0°  F jiiid  liiKher.  The 
leiiipertitiire  of  transition  from  hiicklc  to  fraettin'  is  not 
clo.sel.v  defineil  hecaii.se  of  the  liiiiited  number  of  speci- 
ineiis  but  it  is  apptircnt  that  the  preittinition  of  the  holes 
had  till  unfiuortible  ^'Ifect  since  bt'tiins  testi'd  with 
drilled  holes  buckled  without  fracture  at  — 11  ")°  F.  A 
I'oiupari.son  of  the  btdim  ior  of  the  two  steels  is  not  justi- 
fied by  the.se  few  t(‘sis.  The  (“Ifeets  of  manual  flame 
citttiiiK  tii'e  h':el.\’  to  be  vtifitible.  ptirt ictihirly  with  re- 
spect to  roiiKliiie.s.s  of  the  finished  edKc  and  accidental 
KouKtiiK'  Two  of  the  FK  beams  ertickt'd  in  the  flang(‘ 
only,  at  theeilKe  of  the  hole,  which  wtis  nnn.sual. 

tt  wtis  not  the  purpose  of  tlie.se  t(«sts  to  in\'estiKafe 
the  phvsic.'il  and  inettilhirKical  tispects  of  fhiiiK'  cutting, 
but  ill  I'iew  of  the  above  re.sults,  an  examination  was 
made  of  flatne-ciit  edKcs  lit  the  hole.  Sampk's  wore 
taken  from  four  previously  tested  welded  beams,  which 
had  cracked  at  the  hoh'  adjacmit  to  th('  tension  flaiiKc 
but  finally  buckled.  The  .samples  were  ttiktm  at  the 
upper  hole  where  the  nuiterial  had  been  subjt-eted  to 
stress  hut  was  uncracked.  Plate  1(5. V shows  mieroKraphs, 
oriKiiially  taken  at  aOO  X.  of  the  (-dKe  of  th(‘  base  metal, 
oiitsidi'  the  weldiiiK h(‘a.t-afTecled  zone,  from  a. I'K  beam, 
both  steels  showt'd  similar  conditions,  Plate  16/i  is  a 
microKrapli.  from  llu'  same  spi-cimi'ii,  oriKinallv  taken 
at  1000  X. 

Plate  Ki.l  shows  nmitiple  siirtace  cracks  (‘xistiiiK  in 
a hard  I ransformat  ion  la\'er  (whil(')  ImviuK  an  averaKC 


1‘latv  161  Microiir'ii>h.H  «/ JIaiiie-ritl  nf  Inute  luetat  at 
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depth  lit  iiliout  0.tK)l*i  ill.  iiiiil  mi  iixcnvuc  liiirdiK'xs  ol 
( 'oiiverttHi  Hnckwcll  d2.  It  will  he  iiot<*«l  thiil 

oxide  lia.-<  pciietnited  into  the  (■riieks.  'Pile  .•‘trueture 
liiiek  of  the  hard  tniii.'^t'iiiiiied  laver  coii.si.sts  ot'  a typical 
overlu’ated  stwl  .stniciiire  to  a depth  of  peihaj).'^  k in. 
Plate  H)/i  i.M  a further  illuM ration  of  iiiiiltiple  eraek.x  in 
a hard  t ransforniation  layer  at  the  Itaine-i'nt  (‘d('«v  d'lie 
cracks  are  ineluded  in  a hard  and  mon*  brittle  material 
tending  to  terniinate  upon  eiiterinj;  into  the  relati\'ely 
softn'  o\'»‘rh(‘ated  zone  having  an  average  hardiie.'is  of 
Converted  Hoekwell  "H”  Or).  'Plie.se  hardness  nu’iisiire- 
inents  were  made  on  a Herjr.snian  Micro  Ilardiie.s.s 'Pester 
einpliH'iiiK  a ~>-n  load.  'Phe  pre.senee  of  o.xide  in  tlie.sr- 
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eraek.s  intlicate  that  the  f(,)rination  was  a.s.soeiated  with 
the  heatinjt  cycle,  not  riue  to  siilj.sequerit  load  .stre.sses 
uial  repre.seiit  tluTinal  eraek.s  prohahly  developed 
during  the  rapiil  eooliiij;. 

'Pl«‘  shallow  eriieks  at  the  fianie-eiit  edpe.s  are  stress 
rai.sers,  whieli  should  iiniti'  the  initiation  of  major 
cracks  who.se  propagation  depnids  on  the  properties  of 
the  ha.se  nu'tal  at  the  test  temperature.  It  should  he 
iiiiitsl  that  in  preparing  tin-  heams  for  impact  test,  the 
upper  ed^e  of  the  lower  hole.  inehidinK  the.  weld  and 
ailjaeeiit  ha.s<‘  metal,  was  smoothed  with  a file  for  gage 
placement.  'Phis  filing  prohahly  reimwed  the  shallow 
cracks  present  at  the  critical  region  hut  may  not  ha\e 
rennwed  the  heat-alTeeteil  zone.  'Phe  corners  of  the 
hole  adjacent  to  the  flange  surface  wen;  not  filed.  In 
.some  ea.ses  a shallow  gouged  groov  e was  prislueetl  hv  the 
cutting  ai  the  corners,  which  together  with  the  edge 
coiiilition  and  the  discontinuity  prishiced  hy  the  hole 
priMluced  a critical  r(‘gioii  in  the  flange,  where  .some  of 
the  Iractnres  ilid  oi  i'nr. 


While  die  edge  eiTects  ol  flame  cut  t ing  are  niifavorahle 
at  a stres.sed  edge  snhjei'ied  to  high  strain  rate  at  low 
temperainres.  the  tendeney  to  crack  propagation  is 
rednctsl  at  higher  teniperatnres  hy  the  tiigher  energy 
ahsorhing  capacitv  of  the  ha.se  iiu'tal.  <)ther  reported 
tests  indicate  the  visihle  start  of  cracks  at  flame-eut 
etlges  id  Ik-  independent  of  the  temperature.s  used  or 
tyiK*  of  snhsetpient  fracture,  anil  higher  fracture  stres.s 
for  smoothlv  ground  surfaces*  under  static  loads.  Also 
the  elTects  of  flame  cutting  in  preparing  the  edges  for 
welding  are  uniniportaiit  hecau.se  of  the  suh.sequent 
fusion  hv  the  welding  o|H*rat ion. 

In  the  type  of  splice*  tesfod.  the  wvh  holes  were  eon- 
sideretl  neces.sjiry  to  facilitate  t he  flange  welding.  What 
would  have  heeii  the  result  if  no  holes  were  presi'Ut,  a.s- 
snmiiig  that  a soniid  weld  could  he  made,  or  could  the 
shape  and  formation  of  the  hole  he  nuKlified  to  improve 
the  heani  hehavior  at  low  temperature?  To  answer  the 
first  (jiie.stion.  a few  additional  tests  were  made  in  which 
the  .splice  was  made  hy  continuous  welding  of  the  web 
and  flanges  without  web  holes.  .\  trial  weldment  indi- 
cafiil  apparently  satisfactory  weld  soimdne.ss  and  the 
practicality  of  the  procedure. 

.V.s.suming  Unit  tin*  holes  are  neees.sary  for  fabrication. 


why  not  fill  tin*  lioles  witli  widi!  metal  after  completiou 
of  the  splice,  thereby  removing  tin*  stress  concentration 
and  edge  elTects  of  flume  cutting'*  'Phis  procedure  wa.s 
con.sid(>rcd  hut-rejected  because  of  the  daiigi'r  of  imper- 
fections which  iiiighl  he  more  niifavorahle  than  a well- 
fonm*d  hole.  'Pile  remaining  alternative  then  concerns 
till*  best  nii'lhod  of  forniing  the  hole.  'Phi*  suggestion 
has  hiH‘11  made  to  elongati*  the  hole  in  the  direction  of 
the  flange,  thus  reducing  the  curvature  of  the  edge 
facing  the  web  and  moving  tin*  fiaiigi*  strain  eonci'iitra- 
lion  further  from  the  weld  zone.  The  hole  might  also 
he  enlnrged  without  .seriously  ri'diicing  the  weh  strength. 

Practical  considerations  require  that  web  holes, 
whatever  their  shape  and  sizi*.  be.  foiiued  by  Hame  cut- 
ting.' .Vlthoiigh  till*  pre.senee  of  inicrocracks  at  the  cut 
edges  vv  oil  Id  not  hi*  eliminated  by  post  heating,  such 


I rtMil  !!ifr,l  would  tend  to  iiiipruvc  I lie  pruiM-rtU's  of  tlir 
hfiil-iilTfctcd  fdnf  zone  vvilli  less  likelihood  of  propiiKw- 
lioil  of  these  shallow  ciiieks  ill  leiupeiiil  tires  ;llio\e  I lie 
eriliciil  pmpiiniitioii  tem])eriitiii'e  of  the  niiiteriiil.  II. 
will  1k‘  noted  ihtil  he.'ims  ttf  holh  sltnds  were  tested  utter 
stress-relief  I rt'til  loeiit  following  fahrieiilioii.  This 
post h(‘!it iiiK  of  the  entire  lieinn  to  I I't0°  I’'  produced  no 
chiinut'  in  the  triinsilion  lenipeiiil tire  of  the  SK  welded 
iH’Juns  its  eompiired  with  the  iis-welded  eundilions. 
Some  iinproi  enieni  i\  iis  prodnceil  in  the  I'  K henins. 
It  is  not  elear,  howei'er,  ihiit  the  reliitii'e  Iiehin  ior  due 
to  this  post  heal  ciin  he  atlrihiiled  to  any  inllnenee  of 
thinu'-cnl  elites  of  the  weldtsl  heiinis. 

The  iillt'i'iiiile  fiihriciil  ioir  procethires  w hich  hiii  e Imi-ii 
discussed  in  \iew  of  the  lindinns  of  these  tests  are  of 
interest  to  the  desij;ner  iind  warrant  furl  her  trial  ami 
sillily.  Some  tests  were  niiide  oil  hi-aiiis  spliced  with  a 
continnoiis  weld  wiihoni  weh  holes  for  comparison  with 
the  iH'aiiis  of  the  original  program.  The  results  are 
recorded  hiter  in  this  report, 

t;KA<;K  i*hoi*a<;ation 

In  the  prei'ioiis  ilisciissioii  of  the  friuMiires  prmhiced. 
it  was  iiidiciiled  that  the  extent  of  the  cracks  viiried 
with  the  test  temperature.  .\t  leinperalures  '•  ell 
Ih'Iow  the  I raiisil ion  to  hucklinn.  shatleniitj  fiiilnres 
resulted  with  hranchiiiij  cracks  exteiidiiitj  latenillv  in 
llie  well  and  ihroiitjh  the  upper  llaiine.  .\l  soiliewlml 
higher  lenipi'riilures  the  cnicks  ilid  not  include  the 
upper  flantte.  dimiiiisliiiiij  until  only  ])iirt  of  the  w<*h 
crackeil.  .\l  the  threshold  of  t riuisil ion,  cracks  at  the 
weh  hole  reduced  to  short  tears  which  did  not  propa- 
ijate  e\en  when  impact  loads  were  increiised  to  iilli- 
nmlely  jiriMliice  hiickliiin. 

'Phe  extent  of  the  cracked  .section,  expres.'eil  as  a [wr- 
centajte  of  the  depth  of  the  section  and  plotted  as  a 


Innctioii  of  the  test  ll■lllperalure,  is  shown  in  Ki^,  lid. 
No  attempt  is  made  to  include  the  exact  leiiKih  of 
hraiichiiiK  ci  iicks.  w liicli  soiiiel  lines  exIiMid  a eoiisidera- 
hle  distance  in  the  weh,  or  to  jissijrn  relative  weights  to 
weh  and  llaiine  l•rack.s,  The  cinwes  slioiild  lenninute 
at  leinjierat ures  pi'oduciiii;  no  crack,  corresponding  to 
the  transition  lemperaliire  according  to  I he  crack-hiiekle 
criterion.  Meaiii  specimens  are  not  .suit aide  for  ii  study 
of  crack  propiiKiil ion.  It  will  he  noted  that  |)art ial 
fractures  tend  to  terminate  at  niidheiuhl  or  slinlitly 
aho\e.  where  the  tlexiirul  slre.s,se.s  are  low  or  the  crack 
enters  ii  coiiipre.ssioii  field.  The  re.siilts  do,  however. 
siiKtiesI  a relation  Ik'Iwii-Ii  the  extent  of  crack  propu^a- 
t ion  and  leniperal lire.  The  weh  cracks  in  the  welded 
heaiiis  were  usually  in  or  adjacent  In  the  weld  metal. 
To  further  iniesliuale  the  elTi-ct  of  leiiiperalitre  on  the 
extent  of  frise-rinminn  erai-ks  without  widdiiiK  eonipliea- 
liuns.  a fi‘W  imueldiMl  heaiiis  were  prepanil  with  sharp 
pre.ssisl  iioiidies  a!  the  lop  ol  a drilled  widi  hole.  Ue- 
liiiniiiK  the  nennietry  of  the  welded  heaiiis  ihe  noleh 
served  as  a crack  starter  in  the  weh.  Tin-  tool  used  to 
foriii  the  noicdi  was  ground  to  a sharp  edne  which  was 
slii'htly  rounded  on  polishing  paper.  In  order  to  iiiini- 
iiiize  npsiMlinn  of  the  material  hy  pre.s.siii|r  the  noleh.  a 
notch  slitihl  Iv  undersize  was  first  foniieil  with  a file. 
I’ressiire  on  the  iii.si'rled  tool  then  shaped  the  notch  to 
its  final  contour.  Plate  17  is  a niicronrapli  of  a section 
taken  ihroiit'h  tin*  noleh  at  ahoiil  inid-lhickness  of  the 
' ..-ill.  weh  inalerial.  I)id\'  a slinlil  disinrlion  of  the 
siriieiiire  is  not  ieeahle  at  ihe  Tooi  of  the  noleh.  From 
measiireineiils  of  this  iiiici o(jraph.  the  radius  of  the 
root  was  OODDT’i  in  The  noli'hes  wtue  0.1  in.  d«“Op 
lahme  hole  edyei  with  4,'>-de(j  iiiehided  aiijjle. 

Three  unwelded  heanis  of  holh  as-rolled  materials 
with  pre.ssed  notches  were  tested  under  impact  at  dif- 
fenail  leinperalures.  Due  to  the  limited  mniiher  of 
tests  with  only  the  welded  heani  results  to  predict  (ler- 
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Kihrons 

Sperimin  -iCI,  SK  i\t  —HO’'  F.  The  fr.icliiic  is  iniinli  k>’:<iuiI;ii 
with  I'lirvrfui  pnticrii  poiiiliiiK  lowijnl  llic  iiolcli  over  Itu'  lower  7 
in.  chanKiiiK  to  line  Kniimhir  iieor  the  end  of  the  I'lnek.  No  nie;is- 
uriilile  i'linnK<'  of  Ihiekness  ocetirred  over  the  entile  leiiKtIi.  See- 
tinninn  of  .we!i,  at  tin-  end  of  the  i r.iek.  showeil  that  the  eriiek 
advaneed  further  in  the  eeiit'T  of  the  wcdi  thiekness  (0,  ISo  in. 
thick)  liy  0.10  in.  ms  l■onlpMrecl  with  end  cd'  er.iek  nt  the  widi  sm- 
fiices. 

Sperimni  .f/f/.  SK  nl  —.lo"  F.  The  entire  Iraetiire  is  line 
Kranulnr  with  ehi‘vron  pattern  on  the  lower  ')  in.  Thin  silk\' 
lijiK  at.  the  eilKes  in  the  upper  2 in.  i xtend  ahont  0.02  in.  deep. 
No  lip.s  weri’  near  the  notch.  .No  ineM.siiralile  ehanK''  in  ihiek- 
nc>.ss  occurred  near  the  notch  1ml  thi' t hiekni'ss  deerea.si-d  ley  O.OOU 
lo  0.010  in.  adjacenl  lo  the  eraek  over  its  npiier  lenijlh.  The 
Kranulnr  fraetui'e  was  finer  at  the  terininatiiiK  end. 

SperinteM  NA  ill  -j-^iO”  F.  The  widi  surfaces  nloiiK  the  line 
of  the  ihllire  cniek  wi-ri'  iii'i'keil  on  liolh  sicies  lo  rl•dlIel•  the 
thickness  hy  0,02o  in.  with  a siiiall  dimple  at  the  tci  ininatiiiK  end. 
Within  this  necked  zone,  the  fracture  extended  lo  the  .siirfiiei-s 
a.s  a fine  crack  for  aluml  I in.  from  the  notch.  This  fracture’  was 
roUK'i  Kfimular  with  a ehevroii  pallem  iHiinliiiK  lo  the  nith'li,  I’X- 
eept  for  surface  lips  exteniliiiK  aloliK  the  eliliri'  leiiKlh  (inelildiiiK 
part  ni'ar  noleh)  which  were  alioiil  0.02  in.  di’cp  The.si’  lips 


ws’ri’  siiioolh  shi’iir  fraeluri’s.  Thi’  fraetiirejn  tlic  iiliper  I'/s  it'- 
of  il.s  leiiKth  was  inti  riml;  not  extemliiiK  throuKh  the  neck  at  the' 
siirfiiees.  (See  I’lale  IS)  Tlii’  .section  ri’inaininK  intact  wa.s 
alaiill  0.02  in.  ili'ep. 

.Specimen  Jl)t,  FK  ill  —,iO°  F.  Tin'  fracture  wius  rough 
granular  with  chi'vron  pattern.  Kclgi'  lips  ari'  0.01  ilci'p  near 
notch  and  0.02  in.  deep  further  away,  .No  ii|ipreeiahle  change  of 
ihickiie.ss  oeeiirrcil  near  the  notch,  hut  thi'  thickness  deerea-sed 
0.01  -<f.02  in.  in  a narrow  necki’d  zone.  The  crack  terminated  in  a 
dimple. 

A'pccfnieii  .'ll),  FK  III  F.  The  lirst  eraek  was  '/;  in.  long 

at  till’  IR-iii.  hlow.  The  eraek  exteniled  lo  in.  long  at  the  84- 
in.  Idow  when  tin’  hi’iim  ultimalely  hiickh’d.  The  friicturc  is 
granular  with  siniHith  edge’  lips.  The'  crack  ti'rminated  in  a 
dim|ile  or  depression  whei'c  thi’  thickness  decreased  0.065  in. 
(original  0.  IR'i  in.). 

.S;Mi'iWeii  2/>,  FK  nl  F.  .\  small  tear,  '/j;  in,  long, 

foriiii’d  at  the  notch  at  llie  ,54-in,  hlow.  This  crack  heciime  ’/i» 
in.  long  at  the  84-in.  Mow  when  the  heani  liiicklcil.  The  crack 
forined  at  15  deg  to  the  vertical  through  the  notch.  The  frac- 
ture appears  rongli  lihrims,  .V  dini(>!i’d  zone  at  lermination  had 
a lliiekiii'ss  rediietion  of  0015  in. 


:ui(l  (‘xiciidiiin  \crt ic!ill\'  into  llic  well  ;m‘  shown 
.urapliirullv  :il  tlio  test  Ifiiipcnit tires  in  l'’ip;.  2.'h 

rii('  (Tiieks  developed  in  llte  Six  series  urt'  shown  in 
Plato  IS.  In  the  \ it'\v  of  Speriineii  2-('-l  ( — tU)°  F).  the 
surfaeo  adjaet'iii  to  the  eraek  i.s  not  \'isihlv  l•hllnK^*d. 
(.The  .serihe  line,  \-erl ieall.x'  from  th(>  noleli,  is  not  in  he 
eoiifii.sod  with  the  !‘rrvcks  in  the.se  \iews.i  Tiie  siir- 
faees  tidjtieenl  to  the  fine  cniek  in  S|H‘eimen  dBl 
(— ;i0°  F)  isslinlillv  depressed.  Plastic  did'oriual ion  is 
stijy{(>sted  hy  the  liuhler  zont'  tdonjr  the  crack.  The 
\ iew  of  Specimen  dH  (+.'ft)°  h'l  shows  ji  proiioinii-cd 
local  decrea.se  in  thickness  tilonn  ti  \ erliciil  line  start  inn 
!it  the  notch,  (“lose  extiininat ion  showtsl  a very  fim* 
crack  in  the  root  of  this  necked-tlowii  zone  ov<*r  tlic 
lower  4 in.  of  its  length.  The  intin'iml  condition  rs  dis- 
cn.sserl  more  fnlly  helow  . 

Plate  Ht  shows  the  crack  formations  in  the  I'K  .seri«-s. 
S|)ocimen  I’Di  ( — dt)°  I'l  showed  ti  simill  tiinl  narrow 
localizerl  neckiiiK  tit  the  cnick.  Tlt(>  short  crack  ahovc 
the  notch  in  S|M>cimen  dl)  (4-d0°  P')  did  tint  propagate 
l>eyond  its  inititil  formation  with  suh.setpietil  hlows 
which  piiKluced  coiisiderahle  dcformtition  of  the  weh  tis 
cx  idence*!  hy  .scalinn  tint!  straiti  lities.  The  crack  ler- 
tuinates  iti  a proiiontictsl  depre.ssion  or  dimple.  'I'he 
smaller  crack  in  S|«‘ 10100  2D  (-fh-'f'’  Ft  is  more  prop- 
('rly  descrilieil  lus  a ttiir  which  did  not  propauale  with 
sohsiHinent  blows. 

The  fractio'e.s  near  the  itoteli  of  SiM'cinten  dB.  SK 
tested  at  4-30'*  F and  six'cimen  “21)1 . FK  at  —30°  F 
tire  shown  in  Plate  “20.  The  .smooth  lips  at  the  (*dges 


ziti  111  -.io”K  .mill  1 .WF  tm  m iM-F 

Plate  It  PrarturpH  ill  iiiiu  vldpit  and  nolrhed  Hpanm.  Ph, 

spriPK 


are  visihle  as  lighter  zones.  'I'lie  fracinre  of  Specimen 
3B  provided  interest  ini;  iofortnal  ion  concernint;  the 
formal  ion  of  these  cracks.  The  weh  surfaces  aloni; 
the  line  of  the  entire  crtick  were  neckiHl  in  on  both  sides. 
< *nly  tificr  close  cxiintination  wtis  a x'cry  fine  crack 
found  ill  the  holtom  of  the  narrow  o(‘cketl  zone  o\’cr 
the  lower  4 in.  of  its  lcii(;ih.  The  appearance  of  this 
frticlMre  is  shown  in  PltiU'  2t).  .V  section  cut  thriuigli 
the  thickness  of  llie  well  wlicre  tlu-  siiifacc  wtus  necked 
without  visible  siirfaci'  crack,  showed  that  the  crack 
w:is  inh  rniil  Ii'tn  iog  the  mtilerial  intact  near  the  original 
.siirfiices  for  ti  depth  of  tihoiil  0.02  in.  This  internal 
fniclnri'  is  shown  in  Plate  21.4.  It  is  this  thin  .surface 
zone  which  when  ruptured  shows  ti  smooth  shetir  frac- 
ture iind  forms,  what  htis  been  called  ti  “.shear  lip,”  at 
the  edges.  In  Plate  21.1,  the  \'iew  inclmles  the  full 
thickness  of  the  weh  across  which  the  cnick  extends. 
One  edge  ch'tirly  shows  the  ni'cked-down  .surface.  TJie 
opposite  surface  htid  hi'cn  ground  and  poli.shed  for 
eti-hing,  which  remmed  the  depression  similar  to  that 
on  till'  other  surface.  'I'liis  polished  .surface,  after  F“ry 
etching,  is  shown  in  Plate  2I/J.  The  etching  (dark 
zone.s)  shows  plastic  deformation  in  a zone  about  */s  in. 
wide  along  the  entire  crack  starting  at  the  notch.  .\t 


3t) 


lli('  IcrmiiiHliuii  of  llic  rrark  llic  liralirliinf^  >lr:Liii  lino 
iinlic'iitc  (lissi|»!it ion  of  (‘iicrux  li\  slicin'  dcfomiiit ion 
iklicml  of  tlic  (Tiick. 

Siiiiiliir  etching  of  Spci  inicn  .'fHl.  Sl\  ni  - ;f0°  1' 
showed  no  iippriM'iiihlc  pliuslic  zone  itdjiiceiil  to  the 
emek  Init  ii  few  hnincliing  st  ruin  lines  sprcail  out  hcyoini 
the  end  of  the  criick.  The  etching  process  was  not 
elTe('li\  e on  any  of  tlie  l'  l\  specinn'iis, 

'I'lie  condition  near  the  tcrininaling  end  of  the  crack 
fonned  on  Specimen  U’Cl  SK  at  ' liU'^  i''.  uas  examined 
hy  sect  ioning  the  \s  cl>.  At  t he  ceiilei'  of  t he  v\el>  tliiek- 
lU'ss  (0.48o  in.),  tlieend  of  the  crack  had  ad\  alieed  0.  Itl 
in.  ahead  of  tlie  end  of  the  crack  at  the  surfaces.  This 
snggest.s'  fasiter-propagal  ion  at  the  center,  with  a lag 
and  niiMlihed  fracturing  force  on  the  section  nearer 
the  eilges  which  inii\'  he  as.socialed  with  the  irregidari- 
ties  of  tlie  friielni'e  surface  relerred  to  as  ' he\  roll  or 
herringhone.  Tlie  pre.sence  of  a lip  at  ihe  edges  o|  a 
fracture  can  also  he  interpreted  to  indicate  prior  inter- 
nal fracture.  Whelher  this  condition  is  due  to  the 
propagation  pheiiiiiuena  or  ditfereiil  properties  of  the 
material,  such  as  a skin  elh'ci.  at  the  surfaces  of  the 
rolled  plate  is  not  indicateil  hy  these  data 

Referring  to  the  data  in  Tahle  7 and  h'ig  Jd,  hoth 
series  of  tests  indicate  that  the  tendency  for  crack  propa- 


PlaH'  21.  t hilvrtial  friirlnrv  of  wvli  of  S/»'riiiifti  .7/1.  .S'h 
-t-.7W’  /■'.  \olo  norkotl-i/oirii  and  inlarl  surfarc 


gation  decrea.ses  as  the  temperature  is  rai.sed.  In  each 
series  composed  of  three  tests,  the  strikitig  \'elocity, 
lieain  dellection  and  lienee  the  strain  rate  at  the  root 
of  the  iiotidi,  when  friieiiire  occurred,  wa,s  nearly  the 
same.  The  initiation  of  cracks  at  the  notch  appears 
therefore  to  he  iiidependeijl  of  temperature  o\er  the 
range  of  !)U“  !•'  in  lhe.se  tests.  'Ihe  h-ngtli  of  crack, 
howe\'er,  is  primarily  relaleil  to  the  temperature, 
(’nmparing  the  two  .series,  the  cracks  were  initiated  at 
lower  strain  rales  on  the  ,'sK  steed.  I'he  tendene>'  to 
propagate  the  crack,  as  tneasiired  hy  its  length,  at  the 
same  temperal lire  is  also  more  pmiioiniced  in  the  SK 
st«ad.  The  crack  length  m the  SK  steed  at  +d()°  F 
iwith  lower  initial  strain  ralei  was  alioitt  the  .same  a-s 
that  in  the  I’  K steid  at  -d(t°  F,  a dilTerence  of  60°  F. 
Ill  the  FK  senes,  the  cracks  initialed  at  the  higher  tem- 
peratures did  iioi  propagate  with  snlise(|tieiitl\'  in- 
crea.sed  itiipaci  loads  and  the  ahility  of  the  Iieains  to 
resist  loads  up  to  nortnal  hiiekling  nditsal  was  not  im- 
paired. 

It  appears  that  ahove  some  critical  temperature, 
cracks  do  not  propagate.  'I'he  lowest  temperature 
inhihiting  free  rmniing  cracks  is  a more  rational  and 
itsefiil  di'Iiniiion  of  transition  tetnperature  than  one 
ha.sed  on  factors  rtdaied  to  the  iniliation  of  a crack  or 
physical  eharacterisi ics  of  the  fraetiire  itself,  whitdi. 


I’lato  2IU  Snrfarr  of  weh  oJ  lerntinalion  of  rrark  which 
dtwx  not  r.rirnd  ihnniuh  necked  xnrface.  Dark  zones 
prinlncefl  hy  h'ry  etch  indicate  (thisfic  deformation 
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however,  iimv  reHeet  the  propii^atio)!  piienotneiia. 
From  !i  priietieiil  viewpoint,  the  pre.seiiee  of  .somll  eraek-s. 
pnxhteed  l>y  fiihrieiition  or  erection  processe.><,  which  lire 
known  to  I'xi.st.  do  not  in  themneii'es  im])iiir  tlie  serviee- 
iiliility  of  the  stntctnre.  'I'liev  do,  Iniwever,  .serve  ii.s  a 
startitin  point  for  exteii.sion  wheti  the  stres.s  inteu.sity 
and  the  properties  of  the  material  at  the  operating 
totniM’ratiire  are  critical.  = It  may  he  at'Kiteil  that  with- 
out crack  initiation,  the  ((uestioi)  of  crack  propagation 
is  irrehwant  and  suitahihty  for  .ser\  ice  is  thus  deter- 
mimsl  hv  the  tetnperature  at  which  cracks  start  thereby 
ititriMltieinj;  a propaKatioti  potential.  Howeier.  it 
affords  lit  tie  as.snrance  to  delay  crackinn  hy  a few  decrees 
if  the  crjick,  once  startinl,  leads  tocompilet<‘  destruction 
of  the  tnemlier,  as  would  he  the  ca.se  in  a material  laek- 
inn  propagation  tounhtiess. 

Wiiile  the  data  are  too  litniied  to  warrant  (tiiantita- 
tive  comparisons,  ll)(>  ctiries  in  h’in.  '_’d  are  displacisl 
hy  ahout  Off”  F.  .V.ssuminn  that  the  curies  an*  nearly 
parallel  wIkmi  the  SK  cur\  (>  is  continiieil  to  a noupropa- 
);atint;  temperatun',  it  l otild  Ik-  concluihsl  that  the  SK 
steel  reaelKsl  a critical  tein|X‘ratur«‘  faiorahh-  to  propa- 
gation ahout  Off”  !•'  hi^!:her  than  the  FK  st«H-l  and  that 
the.se  totnperatttres  are  of  the  order  of  h’  and 

-t-85”  F,  res|H>ctively.  HecoKnizinK  that  lilwrties  are 
iK'iuK  taken  with  limiteil  data,  these  temperatures  and 
their  difference  are  iti  fair  aureemeni  with  the  fransi- 
tioti  teni{)eratuie.s  derived  from  the  \'-itoteh  (’harpy 
test.s  at  the  50  ft-lh  level,  for  the  sixH'imeti.s  taken  near 
the  fillet  atid  adjaeetit  weh  (.sr-e  Tahle  ff.  locations  H 
atid  5)  hut  bear  tio  relation  with  the  results  of  the  key- 
hole-tiotch  ('harpy  tests. 

L< ) VI  -n  V I>R( )G  K\  K LK( TTROUKS 

The  lieams  for  the  major  series  of  tests  in  which  as- 
weldetl.  stre.ss-relieving  atid  preheat  treattiietits  were 
inve&tigatetl  were  butt  welded  with  IvOOl  1 and  K6020 


electiisles.  The  results  showed  lower  transition  tem- 
peratures for  the  FK  steel.  It  wils  of  ititerest  to  deter- 
niine  whether  the  use  of  low-hydrogen  eleefnxles  wiiuld 
imjirove  the  piuformanee  of  both  steels,  whether  these 
elect rixles  with  SK  ste«‘l  would  aceotnplish  the  same 
re.siill  as  iisinn  FK  steel  as  oriRitially  welded  and 
whether  the  adi  antaKes  of  preheat  minht  lx?  duplieateil. 

< )ne  sm  ies  of  tests  wius  made  oti  heatn  sfK'eimetis  butt 
welihsl  with  KOtllt)  elect nxles  (withotit  moisture  con- 
trol) including!;  both  steels,  lus-welded  atid  with  preheat. 
No  (diann<“  of  weldinn  proeedttre  was  made  other  than 
to  use  tl-<-  riwerse  polarity  current  itistead  of  the  25- 
cyele  a-e  current  usihI  in  the  oriRinal  .series.  The  elec- 
t nxles  w(-re  ustsl  out  of  fresh  bo.xes  as  receivtsl  from'the 
storaiie  room.  It  is  important  to  tiote  that  no  attempt 
was  made  to  control  the  moisture  content  of  the.se  elec- 
trodes. 

To  determiiu'  the  influence  of  moisture  control  a 
.s(‘cond  series  of  tests  was  made  on  s|)eeimen.s  welded 
with  KtiOlti  electnxles  conforming  to  Grade  MIL-E- 
18ff-ltl,  Fcsleral  S|X‘cification  NIIL-Fj-f)86A.  The.se 
(“lect nxles  were  packaged  in  40-lh  hermetically  sealed 
containers,  which  were  open(“tl  as  reipiirerl  and  the  elec- 
tnxles were  placed  in  an  electric  oven  at  a temperature 
of  250”  F.  KU-ct  nxles  remaimsl  in  the  oven  overnight 
before  lx‘ing  used  the  following  day.  .\ll  welditig  was 
«lone  on  the  day  shift.  The  welder  took  only  enough 
eleetrodes  nut  of  the  oven  to  last  him  4 hr  or  less.  At 
the  end  of  the  shift  all  unused  eleetrotles  were  put  back 
into  the  oven.  'I'his  series  included  only  FK  steel  lieams 
(SK  lieams  unavailable).  Four  specimens  were  pro- 
l ided  for  test  as-weldetl  and  also  when  welded  with  pre- 
heat. 

The  results  of  tests  on  speeimen.s  fabricated  with  both 
types  of  low  -hytirogen  electrodes  are  recorded  in  Table  8 
giving  derived  data  similar  to  that  shown  in  Table  5 
for  the  original  test  series.  The  results  are  also  shown 
graphically  in  Fig.  24. 

The  transition  temperatures  derived  from  these  tests, 


60 


0.40 
Sc 

^20 


>-  0 
060 
hJ 

UJ40 

z 
< 
a 20 

V) 


Ui 

i ii 

!_j_U 

o 

1 

1 

■ 

■ 

IHI 

■ 

■ 

mm 

■ 

■ 

MM 

■ 

-50  -40  -30  -20  -10 

temperature  - *F 


60 


to 

a40 

I 

>-  0 

geo 

UJ 

z 

UJ40 

z 

K20 


I'll 

I 1 1 1 

I i » 1 

W • 1 o 1 

1 dc  1 A Z • 

! 1 ■ T 1 ! 

k 

► « 

> 

■ 

( 

o 

2 

> ' 

j — 

-MC 

1 

1 c 

A 2 
1 

A 

Lj 

j 

t 

t 

1 

1 

-80  -70  -60  -50  -40  -30  -20  -10 
TEMPERATURE  - *F 


NO  MOISTURE  CONTROL-*  FRACTURE,  « BUCKLE  (■  n DEFECTIVE  WELDS) 
MOISTURE  CONTROLLED  - a FRACTURE,  a BUCKLE 


UJ 

UJ 

to 

Q 


Q 

UJ 

Q 


3 

u. 


5S 


h'iC-  m Frarl iire-hurkle  franm'titm  Mrex.  /iMC-/i.vrfn»xen  e/eef roWex,  /vViO/ft 


Tuhle  tl— Ht'HiiltH  of  TchIh  on  llruiiifH,  l^iH>ll><lrogrii  Klrrtrotleit 


Trni- 

llritihl 

I'lqttiVitlrul 

imiitiirr. 

a!  fall. 

/'Itua'ffij.  /hfUrtion. 

lotuls. 

kius 

Ratut. 

StrvHHru, 

\t  ark 

-■  " r 

III.' 

'ft-kil>x,^  . oi.ft 

n. 

yn 

rL 

/'/. 

1 /' 

hiitiirr 

Scmikillcd  steel,  !(.s-\ve|*lei 

il.  ( no  moi.'^Uirr  coiilrol  i 

.5CI 

-;«) 

7S  lO.S 

17.0  ;5I  2 1 10  2 75 

210 

200  .5 

1 21 

05  2 

80  !I 

Wei)  friicKire  Id  i DinpIpIr 

IMI 

20 

IDS 

II  a 2 la 

I'K) 

•2.5(1 

1 a 15 

.50  1) 

77  11 

Klieklcil 

IM 

- II) 

(!(> 

2n  S 1 ,5.5 

ItK) 

211 

1 27 

.50  1) 

71  8 

Hiiekicd 

.kvK 

1 275 

Sriiiikillr*!  str**!,  pivlirMt  ami  1 

■iCiOlO  elec 

'Inhli's  (ho  iimiMtnr:'  i 

out  lol  > 

;«■ 

10 

12 

4 7 II  .50 

Wei)  mill  lower  n.iOKe 

fracture 

ii;i 

-;(2 

no 

20  5 1 ,5!l 

2IH 

•2.5.5 

1 17 

(17  s 

7!)  2 

Uucklcd 

,5M 

-2,5 

>K) 

2.5  2 1 5S 

1‘MI 

24  a 

1 22 

III  s 

77)  7) 

Htickled 

Av>: 

1 •20 

Kully  killetl  sleel.  :i.s-ivel<l< 

m|.  vo«1i‘H  (iio  imtisiun*  rnutn)li 

.5(' 

- a,'. 

42  72 

.5  0-10  7 II  .5.5  1 1(1 

•202 

214 

1 21 

02  7 

7.5  S 

Wei)  ami  lower  41aii(jc 

fracture** 

:t' 

-21) 

I'lli  '10 

1.5  2 ;t0  1 1 0.5  2 22 

I.S.5 

2as 

1 20 

.57  5 

7a  n 

Wcl)  fraclure  li>  buckle** 

.-)C1 

- ID 

■IS  70 

7 2 2.5  a II  01  1 01 

IS2 

•2.ao 

1 ■20 

.50  .5 

71  .5 

Wcl)  and  lower  flange 

fracture*  * 

4(1 

0 

no 

aa  s 2 12 

107 

22S  5 

1 a7 

.51  n 

71  0 

Uuckic** 

2A 

-,a.5 

IS  00 

0 S II  0 0 01  o'  72 

2;t2  .5 

72  a 

Wcl)  to  lowi-r  flange 

fraclure 

lA 

-20 

7S 

20  S 1 12 

•20.5  .5 

21.5 

1 in 

oa  s 

70  1 

Web  and  lower  flange 

fracluri- 

lA 

- 10 

1 III 

54  li  2 ns 

I7S 

2.(  1 

1 a‘2 

5.5  a 

72  0 

Kucklcd 

:t\ 

1) 

1 111 

,57  n a in 

107  s 

>>.i  1 

1 aa 

52  1 

on  .5 

liuckicil 

Avk 

1 .2S 

I'lllh  killed  ,«leel.  |irehe:it  .lii.l 

VVeldetl. 

1 14110  el. 

'i-irisli-s  ( c.ii 

Mioislllte 

eimtrnl ) 

:iA  1 

- 1.5 

7s 

IS  S 1 1(1 

200 

2.5S 

1 •20 

02  1 

SO  1 

Wi'l)  ami  l))wcr  tbuigc 

fraclure*  * 

2K 

.50 

12 

,5  1 0 .‘.n 

in.5 

141  .5 

l())ltom  Hang)-  only  (bole 

edge ) 

2 At 

-40 

4.S 

0 ,S  0 01  ■ 

•217 

07 . 4 

Kottom  tiaiigc  only  (Inile 

isigc  1 

4AI 

;«) 

7s 

III  (I 

IS7 

2;i.s 

1 27 

,5S  0 

710 

Kucklcil 

lAI 

-20 

no 

ao  n 1 S7 

IS.5 

2ao  .5 

1 2S 

.57  5 

7a  .5 

|{iicki(sl 

Avk 

1 2S 

Knilv  killed  Steel,  ns-ttelilei 

I.  i:i4ii) 

• eli.etr.sl. 

•s  c « il  II  iiiMisilire  l oDl  I'lil ' 

2i:i 

7(1 

.51 

0 II  0 .57 

•2;«i 

71  .5 

( '))mi)bnc  I'rmnurc  (small 

ilcb.cl  t 

lOlt 

-01) 

IDS 

41  !1  2 2a 

217 

•20.5  .5 

1 22 

07  1 

.S2  .5 

Kuckled 

101) 

-.50 

no 

2S  0 ! 0(. 

210 

2.5a  0 

1 21 

( •,5  2 

7S  0 

Kncklcd 

(if; 

-20 

no 

2tl  0 1 SO 

ISO 

•22S  .5 

1 27 

.55  n 

71  0 

Kiicklisl 

\VK 

1 •>.•( 

Fully  kill«al  pn'lH’at  i vvilh 

' I'.ml  11)1 1 

1 1)1(1 

-.so 

7S 

14  4 0 ni 

•2-21 1 

•2S4 

1 •2n 

( IS 

.S.S.2 

I'oinplclc  fraclure  0 in. 

from  splice 

OK  1 

-on 

oo 

0 2 II  7a 

211 

(ir> 

Web . anil  lower  flange 

:fi)i 

-;•)<) 

102 

a.S  0 2 1.5 

2I)S 

2.50 

1 2a 

(U  0 

70 . .5 

Kuckled 

101  )| 

10 

no 

2S  a 1 72 

I'K) 

•250 

1 a2 

.VII) 

77  0 

Kuckled 

VvK  1 .2S 


Notf.:  Sr<^  Ts<l»lr  ’)  for  fjMilnntrn*  t<» 

••  Di'frrlivp  wrliln  au<l 

liiiscd  on  the  fmcliiif  Vh.  Inii-klt*  (Titcridii,  I'of  llic  tlircf 
types  of  cli'ctnxU's  used,  me  siiiiinim  i/.ed  iit  'I'idtle  !l. 

Ueferrinn  to  tlu'  .s»Tie.s  iisiiin  elt'ctrodes  willi- 

oiit  innisture  coiitrnl,  llie  tiiuisitioii  temjMTHture  Wiis 
lowered  for  tlie  seniikilled  ,sl('el  liy  2(1°  F iii  liotli  Ur.‘  :is- 
welded  and  preln'at  eoiiditioiis.  Also  (lie  ii.se  ut  tlie.se 
(10 Hi  electrodes  on  llie  SK  steel  in  the  as-welded  eoiidi- 
tidii  pnxlured  ahoiit-  the  same  fa\'oralile  elTect  as  weid- 
iiiK  wltli  preheat  when  nsiii)t  K6020  elect  i'()des. 

lIo\ve\(‘r.  the  n.se  of  the.s(>  KOOK)  (dectrodi's  wius  iiii- 
favorahle  wlmi  applied  to  the  I'K  steel  in  hoth  tlu*  a.s- 
wi'lded  and  preheat  conditiiins.  The  critical  tempera- 
ture was  raised  hy  lo  ainl  2(1°  F.  Wlien  this  nnex- 
pi'cted  re\  ersal  of  efiects  on  the  I'K  steid  heams  «'as  he- 
eoniiiiK  (‘\  ident  dnrinn  the  pmjrress  of  the  tests,  it  was 
sii.spi'cted  that  wehl  imperfections  were  r«*sponsihle. 


Inspection  of  fractures  disclosed  some  lack  of  fusion  in 
the  roots  of  the  weh  welds.  So  as  not  to  invaliiiatc  the 
conelnsions  concerninj!;  'he  electrode  variahle,  additional 
hemii  specimens  were  fahricali'd  and  mitesteil  heams 
from  the  same  lot  were  cut  ami  rewelded  with  the  two 
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lialvf^  i(’\ fiscil  .SI)  as  Mot  to  iiit fi iiltn'c  possililc  (‘HVcts 
of  I)fC\  ioUs  Wt'ldili^.  rite  fcsults  nt  tests  oil  tliese  fe- 
placemeiits  eoiifirnieil  the  |ire\  ions  tests,  thus  streiintli- 
eiiiiin  the  eoiielttsioii  tliat  the  transition  teniperatiire 
wiis  raiseil  atii!  elituinatin^  tin*  stispeett'd  inihienee  of 
well!  inpet feet  ions  I tie  laek  of  eoniplele  fusion,  not 
follliil  iti  pt'e\  iotts  welilnnaits  inilieates  that  attetition 
tiitist  he  ni\eii  to  proper  welihnu  maiiipitlat ion  when 
itsitin  this  type  of  eleetroile 

It  has  heen  reeonleil  that  the  I'itlttlti  eleetioiles  n.'eil 
tor  these  wclihtietits  were  taken  troin  normal  shop 
storage  without  speeial  nioistnre  eontrol.  ,\n  as.--nnieil 
itnfa\  orahle  inlliietiee  of  moistiire  iloo>  not  explain  the 
ineonsisteliey  in  heha\  iol  of  I he  two  rjiailes  of  sli-cl 
t'.xeept  that  the  eleel  rocles  ina\'  have  i oiitaiiieil  ililTereiil 
aniollllts  ot  nioistni  e.  ami  the  i In  t roiles  It.seil  tor  the 
SK  ,s(  l ies  may  ha\c  heen  more  lereiillx  pmee-soil 
'I'he  e.Xaetly  opposite  etTei't  on  the  two  steels  iitiitht 
illilieate  that  the  eonihiiieil  propert  le-  ol  the  steel  anil 
eleetroiles  enter  into  the  o\  er-all  heha\  lor  of  the  welil- 
ment  in  some  iinleterminaie  manner  ;iinl  a uenertili/a- 
t ion  IIS  to  the  elTeet  i\ em-s-  nt  low -hyilronen  eleet  loiles. 
withotit  ntrol.  is  noi  wairanteil. 

,V  I'limparis.in  of  welilmeiit'  with  Ktitllti  eleetroiles 
with  Itniistlire  eontrol  is  hmileil  to  I'lx  steel  sinee  the 
supply  of  SK  steel  at  this  'taije  of  the  iii\  estin.ation 
wsis  exhaiisteil.  These  eleetroiles  reihieeil  the  tratisi- 
tion  tenipertittire  iti  the  tis-wehleil  loiiihitoti  hy  •Sa’’  !•' 

as  eonipared  with  the  'atm lulition  nsiiiii  litill'Jll 

eleet  riKle.s„  These  eleetroiles  .apparently  l orreeteil  the 
iltif;i\orahle  iiillitenees  of  the  hititllti  eleetroiles  oriu- 
imilly  iiseil.  presiimahly  i hte  to  moisture  em it  rol,  I low  ~ 
e\'er,  wlnai  welded  with  prehe.at,  the  moisture  eont  rolled 
ideet  fiKles  na\'e  iio  iniprox cmeni  over  the  hitUI'Jtl  elee- 
t roih  s althottich  they  did  a vi  lid  an  im- lease  of  the  eritieal 
tetnperiit  tire  shown  hy  t he  eleet  lodes  withoiit  inoisinre 
eniitrol  The  result.'  iiidleate  that  weldtneiits  with  the 
moisture  eonirolled  eleetroiles  as-welded  ale  eonip.ara- 
ble  to  those  fahrieated  with  Ktitljtl  eleetroiles  with  pre- 
heat for  the  fully  killed  steel.  In  fa  't,  these  eleetroiles 
('iivi'  the  most  fai  orahle  results  of  ativ  of  the  eleetroiles 
it.sed. 

These  eomparisons,  ha.sed  on  the  test  results,  ni\e 
Slime  inforttiat ion  on  the  relalixe  elVeets  of  the  use  of 
li)w-hvdri)|'en  (deetrodes  with  atid  without  ptcheat.  It 
is  eoiitended  th.at  hydroneti  in  eomhiii;it ion  with  .strain- 
ini?  pfiidtiees  mieriieraeks,  whieli  fnrtit  ditrinu  the  nipiil 
eii()liti|>:  after  weldinn.  I iivest  i|;;il  ions  with  simtll 

sfieeimens  ha\c  sltowti  that  either  preheat  or  the  use  of 
liiw-hydriineii  eleetroiles  will  avoid  niieroer.aeks.  pre- 
stittmhly  h(•eause  they  hoth  tcdnee  the  hydrniteti  euu- 
letit.  ( 'oiifirmiiii?  this  emielitsion.  the.se  tests  show 
that  the  eritieal  tetupertitnre  for  heanis  welded  with 
106020  eleet  rodes  aitd  preheat  w asahiiiit  t he  .same  as  for 
Ihd.se  welded  with  moistitre-eontrolleil  T’.tiO  10  electrodes 
as-welded,  on  the  same  steel  (h'K).  If  redttetii)ii  of 
Jiydriinen  eiiiitetit  is  the  desired  ohjeet i ve  anil  hoth  pre- 
heat aitd  low-hydro|?en  eleetroiles  are  eijitally  effeetive. 
then  it  wofild  appear  that,  in  wcldinii  the  steel  it.sed  in 
this  iuve.sti|?!it  iiiti,  no  appreeiahle  additive  advantage 


wiiiilil  he  ohtaineil  hy  |)reheatiii|;  when  itsitin  low-hydro- 
Ueii  eleetroiles.  'The  litnited  nittiiher  of  tests  on  FK 
heanis  welded  with  moistiire-eotit rolled  IC0016  elec- 
trodes shows  no  impriivemetit  hy  iisinn  preheat  over 
the  as-welded  eonditioti. 

'The  results  of  tests  with  electrodes  havitin  no  moi.stiiro 
eontrol  ( Fii;.  24;  appear  l■mll|•adieto|•y  to  the  aliove 
Intel  pretat  ion.  However,  these  electrodes  were  not 
aetiiallv  "low  hydroneiT’  and  the  improv'enient  shown 
l)\  [nehe.it  treatment  is  roiisisteiit  with  the  ahove 
reasoning.  The  ellert  on  the  eiitieal  tetn|)eriittire  in 
either  e;ise.  eiiiiipared  with  the  I'!0l)20  eleetnules  wiis 
not  t he  same  in  the  t wo  steels.  It  should  he  iioti'd  that 
heam  spooimeiis  were  fahrieated  in  lots  at  dilTerent 
limes  with  the  liklihood  of  dilTerent  moisture  eniitoiits 
III  these  iineonllolled  eleetroiles  'The  liioistlire  eotl- 
leiil  was  nut  delernimeil  heeallse  the  elTeets  were  not 
siispeeied  at  the  time  oi  falirie;il  ion.  While  the  pro- 
he.-it  lemperat  me  was  reasniiahlv  1 1 ml rolh'd  for  all 
'pe'  iiiieiis,  the  possihle  elTeel  of  varyitiK  this  tempera- 
I lire  miller  these  eondil ions  is  not  known.  'The  inter- 
related variiihles  of  steel  pi  o|>i'l  I ies.  eleelriMle.s,  moi.s- 
iiire  eontrol  and  preheat  ieni()eiai iires  reipiire  fiirtlier 
study 

WKH  SIM.H  K.S  VUTH  CONTIMOl  S WKLDS 

'l•|■ie^  of  impact  tests  were  made  on  si.x  FK  steel 
heams.  hiiit  welded  without  weh  holes.  I'he  elee- 
trodes  used  in  these  weldmeiit.s  were  FfMfll  and  E6020 
to  .alTord  l•llnlparison  with  the  extensive  tests  made  on 
heiinis  with  weh  holes,  in  the  jus-weldeil  eiindifimi. 

'The  shop  welihntj  proeediire  for  thesj'  splieps  is  inili- 
eated  in  Fin.  '2n  tind  is  hrielly  desiTihed  as  follows: 

l*n  /ninitiiin.  'The  eiiils  of  the  llaiint'-'<  anil  web  of 
eaeli  hetiiii  were  lieveleil  hy  maehilie  flanu*  euttinn  to 
form  a TiO-den,  sinnle-\'  weldinn  joint  with  ' le-in.  laud 
anil  ' s-iii.  root  iipeiiiiin-  The  ffannes  were  lioveled 
from  the  inside,  ,'u  the  eoriiers  where  tlu'  weh  inter- 
sects the  llaiines.  hand  cut t inn  "'ii-''’  <‘iiiployed  to  insure 
a iniiiiiiiiiin  opeiiinn  of  ‘ < in.  (.see  Fijt.  25).  Beams  wen* 
as.seiiililed  :md  tack  welded  on  the  outside  of  the  flanne.s. 
The  heam  was  posit iniit'd  for  each,  vvelti  ft)  permit 
weldinn  in  lilt'  flat  position,  exeeiH  for  short  end  returns 
as  iiotiMl. 

H’W)  awl  b'UuHjr  H’l’/ffiuf/.  'The  seqiienet'  of  the  weld- 
inn  opefiition  Wits  its  follows: 

1.  'The  wi'h  weld  was  eiiinpleted  first-  -nd'or  to  Fin. 
2.5  'The  web  mot  wold,  )\'l  was  iiiadi'  with  V.^o-in. 
Ivtidll  eleet  fill  Ies.  Snlwapieiit  web  weld  pmsses.  W2. 
\\'.‘l,  ele.,  were  deposited  iisinn  “ it-,  in.  F6020  electrodes 
111  fill  the  ni't'o'  e.  Ivaeli  pass  was  started  in  the  corner 
at  iIk'  fillet  and  then  run  across  the  lonnth  of  the  weh. 
etnlinn  in  the  opposite  eorner  slinhtly  above  the  fillet. 
'The  direct  ion  of  weldinn  was  alternated  first  from  left 
to  rinhi.  then  from  rinhl  to  left.  'Tlnv short  end  returns 
inlii  the  flanne  ninnve  wt'fe  niiidt'  vvith  the  web  pas.ses 
while  the  weh  was  in  the  liorizontal  |)o.siiion. 

2.  ,\ftei  the  web  lievel  was  eompletoly  welded,  the 
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IX'HUI  \\;i.s  UIIIKmI  n\'cl'  :mil  llic  rnni  \\!l'  flilllic  Ijulllfcti 
1(1  .'<1)1111(1  IIK'till. 

.'i.  Two  «(‘ic  )lc|)(i>ilc(l  <)i)  llic  null  >i)lc  ul  llic 

well  \v(»l(l  iisintj  ' ir.-in.  liiillJO  clcci loilc'  in  l■nlllpl(•I(• 
the  well  weld. 

4.  [{(lot  pa^M'-i.  I'  t .•mil  I'  J.  nil  nppn>llc  >iilc>  nl  the 
well,  in  llic  firsi  llmitic  welded  were  iinide  wiili  * :-in 
K6011  elecl  riKle.i.  Slllisepnelll  p;i>.-<e>  nil  llii>  l)c\cled 
side  were  made  wiili  ’ i,,-iii.  KliUJil  cltM  irndo  in  (ill  the 
UroovT.  All  weld  lieads  on  the  lM-\el  side  were  depnsiled 
.starting  at  the  inner  edneniid  pmuressiiitr  inw  ard  intlie 
web. 

.\(ler  llie  lievcl  nu  lliis  tlaiinc  was  l■nlllpl(•lel\■ 
welded,  the  heaiii  was  mined  nver  and  ihe  rnoi  nl  tlii- 
well]  wu.s  flame  gnllged  in  sniiiid  liielal.  It  was  neecs- 
•sary  tn  gouge  deeply  in  the  v ieinil  \-  of  I he  wcii-tlaiige 
intersection. 

6.  Two  pia.s.ses  were  depnsiled  nu  the  mol  side  nl  the 
flange  using  ’ a, -in.  KtiO'Jt)  eleelrode.s  In  eninjilele  this 
flange  weld.  'I'liese  welds  on  ihe  root  side  were  run  from 
edge  to  edge. 

7.  OiK'  flange  was  enmpileled  heinre  starling  on  the 
other  flange,  which  was  welded  in  the  same  manner. 

8.  < Inter  ends  of  iiolh  llange  welds  were  iianie  gouged 
to  .sound  metal,  reweldeil  and  gronnd  to  the  original 
lieani  eonloiir. 

d’he  results  of  impiael  lesis  on  these  heanis  are  .sum- 
marized in  d'alde  10. 

'I'he  fruelures  diwelopied  in  these  welded  lieunis  with- 
out W(>1)  holes  are  hrietly  deserihed  as  follows: 

KvamDA  {Trsh-dat  —(i0°  I').  'I’lie  friid  lire  was  eniii- 
piletely  outside  the  weld  zone.  Starling  in  tin*  lower 
flange,  2*/o  in.  from  llii'  eenlerline  of  Ihe  splice.  Ihe 
crack  extended  \ erlieally  in  the  weh  for  alioiit  0 in.  and 
then  hranelu'd  toward  Ihe  iippier  flange,  which  reniiiined 
intact.  'I'lie- crack  eonfignrni ion  w;us  similar  to  that 
.shown  on  I’lale  14.  with  an  addifioiml  crack  liraiiehing 
to  the  right  at  the  top.  d’lu'  l('xliire  was  ragged  to 
granular.  .Vs  a pi'issihle  expilanalion  of  Ihe  location  of 
the  fracture  in  tin*  base  metnl  reniole  from  the  welded 


spiliee,  it  should  he  noted  that  a rod 
toi'  deflection  iiK'asuretnent.  pirevi- 
oiisly  described,  was  welded  to  the 
bottom  surface  of  the  flange,  d'he 
flange  fracture  occurred  through 
die  Ollier  edge  of  this  localized  weld 
zone.  .Mlhoiigh  a (hflectioii  rod 
was  similarly  welded  on  the  pire\'i- 
oiisl\'  tested  heiiins  without  apipiar- 
eiil  influence,  it  is  p}o.ssible  that  a 
delrimentiil  condition  existed  which 
was  made  elTeclive  by  the  greater 
resistance  of  the  continuous  splice, 
llowiwer,  Hearn  ll.VI,  also  had  a 
welded  rod  atlacht'd  in  the  .same 
niaiiner  and  buckled  without  frac- 
iiirc  al  — 4t)°  r.  Hecau.se  of  the 
piossible  influence  of  the  welding 
of  the  defleclion  rod,  all  of  the 
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reuiaiiiing  beams  were  tested  without  defler'tion  imias- 
iirenienls.  If  the  fradiire  wjis  induc(‘d  by  the  localized 
weld  oil  the  centerline  of  the  flange  without  atTecting 
the  geometry,  the  cause  was  probably  due  lo  a metal- 
lurgical discontinuity  pirodiicing  a stress  concentration. 

Urnm  HH  {Trsinl  <it  ~Sii  °F).  The  fracture  occurred 
in  the  weld  melal  of  the  llange  weld  and  in  the  web  weld 
to  a licighit  of  alioti!  .'1  in.  The  I'fiicks  then  branched 
symmetricallv  in  the  web  bii.se  metal,  terminating 
ill  the  upipier  flange  fillels,  leaving  the  tipiper  thinge  in- 
tact. The  cfiick  pvittern  was  similar  to  thiit  shown  on 
Pliite  t),  with  the  bfiinch  oectirring  neari'r  the  lower 
thinge.  The  friicltire  wiis  fiu(>  grain  around  the  beam 
fillet  with  the  reniiiimh'r  raggi'd  griintilar.  The  frac- 
l(ire  apipiiireiit  1\'  stiirh'd  at  it  V-shapted  void  in.  long 
ti(p)ering  from  •'  , to  ' , in.  wid(>  lociiti'd  in  the  fillet  zone. 
The  surface  of  this  void  was  oxidized  by  the  flame  goug- 
ing and  indicates  hick  of  penetiiit ion  at  ihe  junction 
of  t|ie  web  and  tlangi'  welds. 

lianii  mu  (Tislal  at  —!tu°  F).  The  compilete  frac- 
ture incltided  both  tliingcs  iuid  the  weh.  d'ln*  lower 
flang('  iiiid  lower  i in.  of  Ihe  w(>b  fraettired  in  tin'  weld 
melid.  The  remainder  of  th(>  web  fiiicturi'  and  the 
npipu'i'  flange  fiiictui’e  was  iiboiit  2 in.  1’rom  the  spiliee. 


SI MMAK’^  AND  CONCIA  SION 


’riu“  rrack  piillcni  was  soimavlial  like  Plait'  II,  cxci'pt 
that  tlu'  lower  tlaiinc  frail iired  tlimiiKli  the  weld  and 
llu'  wt'b  crai'k  left  the  \\c|d  near  llic  lower  tillel . 'I'lit' 
lower  llaiiKt'  frarinre  showed  a small  piiihoU'  within  an 
irretnilar  texture  indiratiun  lack  of  eompleli'  fusion  at 
the  weli-llaiine  weld  junelions. 

In  nmkiii)!:  this  type  of  eouliniious  ai'h-llaiiKe  welded 
splice  it  was  expeeled  that  some  dit!ienlt\  would  he 
eneoiintert'd  in  Kcttiuu.  complete  fusion  ii.  tiu'  fillet 
region.  In  order  to  determine  tin*  soundness  of  these 
welds,  the  welds  wen*  ml  in  a series  of  .sections  at  holli 
rtantj('-w eh  junctions  of  each  of  the  six  heains,  titter  test. 
Tlu*  findings  of  these  extiminut ions  tire: 

Hetou  It. VI  I — to"  t'  lincklcil  1.  ItniuiM)  Ilttn^ic:  N*»  vetl*lf 

impcifcitini)'  ’I'liii  lltiiuic:  Siiiitlf  \i>iil  ’ \ ‘ \ in. 

deep 

Mctmi  Ul"'.  t— .’tU  !•’  ttncklcirr  \»*  in  t-illicr  Il.-tni;*-  v\cl«l 

ttctiui  1.1. V t — tWe'  !•'  liMi'tiMriP.  ttitUiiiii  ittinyc;  .Sin.nll  piti- 
haic.  Ta|>  ItnMttc : Sinitlc  I'aii.l  ‘ \ i,  \ ^ u in.  'Iccp  tai'ntcil 

’ , in.  tram  linr  . ii  « I'll  :i nil  ' , in.  I'raiii  aiil'iilc '(lli'.-ii  c at 

tltinp' 

Hi'tnu  oft  I I “ (i.~i  !■'  t'r;n't  niv. I ' Mnnuni  ll;iiu;c;  .siniilc  vnni 

I I \ ■ a \ ' . in  ilccp  ;it  inni-i incknf">  at  ll.-in>:c,  ■*  . in.  tram 
wall  cctncilinc.  Tap  ll:ini;<';  N • vi'ililc  lltiw'. 

Mcnnc  IIH  I — SO ' t*'  tractoi'cill.  ItaMain  Itaiiip':  |■'l;.^nn•  i;alliii'.l 

surlacc  i xiia.-i'ii  in  V-'lnipcil  lanl  ' . in  laiij;  l.ipcnni;  train  ' , 
la  I , in.  uiilc.  Taplkinnc:  »nnill  pinlialia  m wcM  jiiin  iian 
McamOlil  ( — ttO"  !■'  ir.n-lniiill.  Hal  lain  ll.ini:'-:  ‘ ..-in.  illain 

lialf  in  «clil.  Tap  llani;c:  Sinitlc  \ai.|  . in.  ■Ii.on  \ ■ ..  in 

ili'cp  in  wrlil. 

No  deli'cts  were  found  ill  the  tillel  Zoiic  of  I he  weh  weld. 

Transition  Tent  /»e»  a I n re 

Ha.s(sl  oil  ihc  frtici nrc-liiirklc  criterion,  the  dala 
iinlicaie  a inohtihilily  of  failure  hy  hrilllc  frti  tiire  helow 
iihout  — 7tl°  I'.  This  value  neulcei.N  ihe  fracture  pro- 
duced at  — t'it)°  I'  hecaiise  of  the  nncertuilily  ul  the 
elTeet  of  the  .'.iih.se(|iieiil  localized  weld  in  all.'icliinu  the 
deth'clion  rod  and  al.so  neulccis  the  clleci  of  a si/tthle 
flaw  in  the  weld  of  the  heam  tested  at  — ,SI)°  f'. 

In  tiny  ei'enl.  a com|)ari.son  with  the  results  ohttiined 
from  the  l■'l^  steel  hetinis  with  weh  holes  shows  ti  de- 
cided impriwi'iiieni  of  |)erformanec.  i'he  coiitinnoiis 
wi'ld  splice  up|iears  to  have  lowered  the  crilictil  temperji- 
tnn*  hy  uppi'o.xinmtely  4l)°  1'. 

'I'he  imperfections  found  in  these  welds  tire  perhaps 
no  greater  than  those  frei|iieiil ly  found  in  welds  made 
tinder  .simihir  conditions.  exce|il  for  the  sizahle  void 
found  in  one  heam  (!lHi.  This  nnfn.sed  void  diK's  eni- 
phosizi'  Ihe  need  for  spi'citil  precjiiitions  in  hack  (;out;in(r 
and  hack  weldiiid  of  the  fliintie  in  making  this  ly|te  of 
splice  which,  howexer,  should  not  introduce  unreasoiia- 
hle  liiuital ions  on  Ihi'  shop  procednie. 

Till'  improxed  perfornitince  tii  low  temperature  of 
the.se  coiifinnons  weld  splices. notw'ilhstaudin)r  iniper- 
feetions  in  the  welds  at  the  tl;intje-weh  wi'ld  jiinelion 
confirms  the  eoiielusion  that  the  pre.seiice  of  weh  holes 
invited  the  siari  of  cracks  and  iherehv  decreased  the 
low-teniper:ilnre  resistance  of  the  splice.  'I'lie  shop 
report  and  lhe.se  lest  diila  jnslify  the  conclusion  that 
the  eoiiliuiioiis  weld  splice  is  practical  and  preferred 
for  low-lemperainre  sen  ice. 


The  orlKiniil  ohjeelivc  of  this  project  was  Ihe  deter- 
niiiiation  of  the  rehilii'e  resistance  and  tran.sition  tem- 
peratures of  structural  steel  heams.  eompo.sed  of  SK 
tiled  KK  stiH'ls.  fiihricated  with  hiilt-'velded  splices 
and  tesleil  ius-welded.  aflei-  stre.ss-reliex  ing  treatment 
and  when  wi'lded  with  prelsval.  The  re.siills  of  this 
proi'ram  of  tests,  the  major  part  of  which  iinolved  iin- 
piicl  loiidiii);,  .-iinuesled  further  investigation  of  welding 
and  fahriealion  variables  and  these  hy-priKitiels  fur- 
nish additional  information  on  tissociaied  eonirmersial 
ipK'slioiis.  The  tinalysis  and  iiilerprelation  of  aeniinu- 
laieil  supplementary  dtila  coiitrihiite  oh.serxations 
which  are  of  interest  in  the  design  of  weldetl  splices 
and  furth.er  stnd\-  of  the  brittle  fnicliire  phenomena. 

The  findings  are  hrietlx'  siiinmiirized  tis  folloxvs; 

1 ('harpy  tests  on  material  taken  from  the  rollwl 
sections  shoxx  a decreti.se  of  "notch  .sensii  Ix  ily”  by 
silicoii-aluminum  deo.xidat  ion.  The  ('harpy  xahies 
show  a xiiritition  of  about  Jtl°  1-’  and  4()  ' F for  the  SK 
.'iiid  I'  K steels,  respect  ix  cly.  depending  oil  loeation  in 
the  rolled  section.  In  the  case  of  the  FK  .sti>el.  part 
of  this  xariaiioii  wti-  due  to  fissures  dex'elo[)c*<l  iran.s- 
xcr.se  to  the  fracture.  The  mtilerial  adjacent  to  the 
beam  fillets  in  both  the  llange  mid  xveh  had  the  highest 
iraiisiiioii  temiH'i'iiliire.  ( 'omparisons  at  similar  liK'a- 
lioiis  iiidiciile  lower  Irtiiisition  lem]X‘ratures  for  the  FK 
steel  hy  ’ll)  to  To'’  !• . 

'2.  Impact  tests  on  FK  steel  heams  butt  xvelded 
with  Ftilt'JO  electrodes  show  lower  transition  lenipera- 
liires  iluiii  the  SK  steel  hemus  hx-  'J4°  F in  the  as-xvelded 
condition  mid  hx-  4t)°  F aftei  "stress  relief”  iind  xvhen 
xvelded  with  preheat  based  on  a fracture  xs.  Iniekle 
criterion.  Welding  xviili  lueheal  xvas  beneficial  in  holh 
steels  xvilh  KfiO’Jt)  electrodes,  although  to  a greater 
extent  in  the  case  of  hetims  imide  of  FK  steel.  The 
results  suggest  the  use  of  preheat  on  SK  stind  as  an 
alternate  to  FK  steel  in  the  iis-xvelded  eoiidition. 

Strain  meii.siiremenls  during  both  static  and 
dyiminie  tests  showed  huge  strain  eoneeiitrafions  in  the 
xieinity  of  the  open  xveh  holes  introduced  to  facilitate 
the  welding  of  Ihe  tliuige.s.  In  most  eiuses.  fractures 
started  at  the  web  hole  xvhieli  acted  as  an  internal  notch, 
although  ill  very  low  temperatures,  friK'tures  oeeiirred 
in  the  btise  metal  xvithoiil  regiird  to  tlu'  splice. 

4.  ('omparisons  of  the  rehilix-e  beliax'ior  of  the 
xveldeil  In'iuns  xvas  biised  on  a fraelnre  xs.  hiiekle  eri- 
lerion.  The  e.xleni  of  fraetiire  x aried  xvith  deereasiiig 
leiiiperalitre  from  .'i  small  eraek  or  tear  at  the  xveh  hole 
to  eoinplele  shallering  fiiietiire  of  the  entire  seetioii. 
.At  leniperiil tires  ahoxe  (hose  iiroduiung  eraeks.  the 
beams  failed  by  normal  tlaiige  buckling.  Test  tem- 
peratures ranged  from  — l'20  to  +60°  F.  The  extent 
of  the  eraeks  prodiieeil  showed  a definite  relation  to  the 
test  teniperatiire.  .A  "shear  lip”  found  at  the  edges  of 
iVee-rmuiing  eraeks  is  a.ssoeiated  xvith  prior  internal 
fillet  u re. 

a.  The  proport ioiiiil  limit  i-md  strueliiral  yield  point 
of  the  beams  iitidi'r  iiiipiiet  loading  xvas  delerniiiied 


:u> 


liom  (l«'ii\(“(l  nlnii  static  hiad-tlctlcct ion  curves. 

The  i)i()i)ort  ioiial  limit  was  rccluccd  in  tlicsc  as-wcldtvl 
I'canis  l)v  residual  strc.s.scs  which  were  elTectix'ely  niini- 
inized  hy  stress-rclimiiiM;  treatment.  The  coinhined 
elTect  ot  decren.''(“d  teinpciatlire  and  increa-sed  strain 
rate  raised  the  ela.'-tic  ranne  of  flange  stresses  to  ap- 
I>roxiinately  doiihle  the  static  \alnes  at  room  teinpera- 
Inre. 

1).  .V  limited  nnmlicr  of  t«“sts  on  unwelded  heains 
with  drilled  \veli  holes  in  which  a [ires.sed  notch  starved 
as  a crack  starter,  showed  a decided  dilTerence  in  the 
ahility  of  the  two  materials  to  resist  free-riinnin«  cracks, 
rile  tendency  to  i)ro[)a>i;atc  a crack  is  more  pronounced 
in  the  SK  stei'l.  To  prodnee  the  same  length  of  initial 
crack  re(|iiires  ahont  tiO"  1'  lower  teiniK-rature  in  tin- 
ca.s(>  of  the  FK  stcn-l.  It  apin-ars  that  for  the  siH-eimen 
and  test  procedmt'  used  in  this  imest igation,  cracks  do 
not  propagate  aho\-e  some  critical  lemiK-iatim-.  The 
lowe.st  temj)eratnre  inhilmiiig  frei--ninning  crack.s  is  a 
more  rational  and  useful  definition  of  transition  tein- 
Iierature  than  one  hased  on  factors  related  to  crack 
initiation. 

7.  Static  tests  wc-n-  incouchisiv'e  in  determining 
resistance  to  brittle  fracture  at  tcmiH-ratim's  fus  low  jls 

— 120°  F,  Under  imjiact  tests,  hrittle  fnicttires  were 
prcxltieed  at  teinix-rattin-s  up  to  0°  F.  The  strain 
rates  prodticed  in  the.s<>  intpact  tests  were  of  the  order 
of  O.S  to  I.t)  in.  in.  sec.  'Fite  tiun-  to  nta.xinimn  strain 
attd  deflection  was  ahoitt  tt.OOT  sec,  carting  sliglitl.v 
with  teiii(H‘ratiir<‘. 

S.  Scratch  tneiustirements df  deformation  made  after 
failure  showed  a inarkeil  decrea.se  of  [thustic  tleltiffha- 
tioii  preceding  fracture  or  hiickle  with  decrease  of 
temiteratiire,  from  tf.O'J','  (limit  of  lueusiireinent ) at 

— 11.')°  I-”  to  8'  ,'  in  the  fhnige  tiiid  2t)''i  in  the  weh  at 
the  hole,  at  +30°  F. 

i).  The  im-.seiice  of  weh  holes  iiitnxluced  a critical 
condition  for  the  initiation  of  cracks  primarily  iH-eaii.s*- 
of  the  notch  geometry  involved.  'Phe  finishing  of  tlie.se 
holes  hj-  flame  cutting  may  have  had  .some  influenet*  on 
tlie  fractures  particularly  at.  the  corners  adjacent  to  the 
flange.  Tests  on  unwelded  heanis  with  flame-pierced 
and  finished  holes  showed  transition  temperatures  ap- 
proaching tiio.se  of  tlie  wcldeil  heaiiiS.  Beanss  with 
drilled  anil  filed  holes  did  not  fracture  at  — ilo®  F. 
the  lowest  test  tempei-ature,  I'i.xamiimtion  of  flame  cut 
edges  of  the  hole  .showed  thermal  crack.s  extending 
into  the  fusion  zone  alxuit  0.002  in. 

10.  Tests  of  heanis  welded  with  low-hydrogen  elec- 
trodes for  comiiarisoii  with  similar  beams  welded  with 
l-i()020  electrodes  used  in  the  major  program,  show; 

(a)  'Phe  n.si-  of  low-hyilrogen  elect nxles  neee.ssi- 
tates  adeipiate  moisture  control  and  correct  manipula- 
tion, if  the  best  re.^ults  are  to  be  obtained. 

(fi)  'Phe  FOOlf)  electnxles  u.sed  without  moisture 
control  w'erc  taken  from  normal  storage.  These 
electrodes,  ; s u.sed,  on  SK  steel  lowered  the  transi- 
tion tempi-ratnre  by  20°  F in  lioth  the  a.s-welded  and 
prelical  conditions,  'Phe  uncontrolled  F60H5  elee- 


I rodes  as  lii-re  n.si*d  tin  HK  sti*el  in  the  a.s-weldetl  condi- 
tioii  [inxlnced  ahoiit  the  .same  fai'orable  effect  as 
welding  with  preheat  and  l'i(i()20  electrodes.  Preheat 
was  lieiiefieial.  It  cannot,  however,  be  concluded 
that  the  effect  of  preheat  is  .superiinpo.sial  on  that 
noniially  i-xpecled  with  low-hydrogen  electnxles 
hecan.st-  of  the  iiiicont rolled  inoi.sture  content. 

(r)  'Pin-  use  of  I'iOOIt)  electrodes  without  moisture 
control  wiLs  unfavorable  when  appliisl  to  the  FK 
stiK-l  in  both  the  a.s-welded  anil  preheat  conditions. 
'Phe  transition  temperatures  were  raised  by  1.5  and 
20°  F.  respect  ix  ely.  'Phe  exactly  opposite  effect  on 
the  two  grades  of  sIih-I  indicate  that  a generalization 
as  to  the  effect ivi-iie.ss  of  1-]P)0I()  eleetrixles  as  used  in 
these  tests  is  not  warranted.  It  should  be  noted  that 
the  l-!60It)  eleetrixles  u.sed  in  ihe.si-  weldments  were 
taken  from  normal  storage  without  moisture  control 
attd  the  moisture  content  may  have  been  variable. 
'Phe  assumtsl  unfavorable  infhieiiee  of  moisture  doe.s 
not  explain  the  ineon.si.steiu-y  in  behavior  of  the  two 
stei-ls,  unless  the  absorbeil  moisture  was  tmtistially 
high  in  the  i-ast-  of  the  eh-etnxles  u.s«l  for  the  FK 
stiH-l  Ix'ams  first  weldi'd. 

ill)  A ciimparison  of  wi-hlineiits  made  with  1-^6016 
eleetrixles  with  moisture  control  is  limited  to  beams 
coiupostHl  of  FK  sti-el.  'Phe.se  moisture-controlled 
low-hydrogen  eleetrixles  lowered  the  tran.sition  tem- 
I>erature  by  35°  F as  compared  with  the  K6020  elee- 
trixles  in  the  as-welded  eoiiditioii  and  apparently 
overcame  the  unfavorable  effects  of  K()016  electnxles 
svithout  moisture  control  Wheu  welikxl  with  pre- 
heat the  moisture  eoiitrolled  i-lect nxles  ga\e  no 
impnneuieiit  o\er  the  K6020  eleetrixles  with  the 
.same  preheat  treatment  'Phe  re.siilts  iiulii-ate  that 
weldments  made  with  the.se  eleetrixles  in  the  ivs- 
welded  eoiiilil ion  were  eipial  to  those  fahricated  with 
l-;(i020  eleetrixles  and  [m-heat  treatment  for  the  FK 
steel  u.sed  in  this  iin'estigatiini.  'Phe  li'imsitiim 
temperature  was  the  lowe.st  ( —65°  F)  of  an>-  found  in 
the  tests  with  the-  web-hole  tyix-  of  s[)lice. 

11.  .\lteriiale  fabriealion  iiroeedures  aiming  to  avoid 
the  iiiifiu  orable  etfeets  of  the  web  holes  adjacent  to  the 
flanges  have  bptm  .suggested.  Butt  weldments  made 
by  continuous  welding  of  fl.anges  .and  wel)  withmit  holes 
require  careful  afteiifioii  to  tiie  eoiiditioii  of  the  welil  in 
the  fillet  region  hut  this  type  of  s[)liee  is  entirely  prae- 
lii-ai.  A .series  of  iinpaet  te.sts  on  heams  with  this  tyiie 
of  splice,  using  1-X020  eleetrixles  for  coiiiparisoii  with 
similar  heams  fahricated  with  wcl>  holes,  .show  that  the 
l•()ntillucnls  weld  splice  of  FK  steel  heams  in  the  lus- 
weltled  eoiiditioii  had  a transition  temperature  of  about 
— 70°  F which  is  40°  F lower  thiiu  similar  heams  with 
weh  holes.  Kxainiiiation  of  the  welds  indicated  some 
flaws  at  the  flaiige-weh  weld  junction,  a condition  whii-h 
can  lie  overcome  hy  preeautioiis  in  the  welding  opera- 
tion. 'Phe  test  re.sul'.s  indicate  a decided  impii)\-ement 
in  low-teinperatiire  perfoniiance  with  this  type  of  splice. 

12.  'Phe  im'estigation  reported  here  started  with 
limiteil  ohjei-t.ives  but,  with  the  aecunnilalion  of  data 


and  (iliservalions,  llic  studies  were  extended  tn  |>m\  ide 
inforination  dealing  witli  I'idnieatidii  and  splii-e  design. 
Tlicse  l)y-i)i'iHlnets are  a natnrid  onlgrowtli  nl'  eonthniiiiK 
study  and  tlu'inseh'es  suKuest  tlie  need  fur  furtlier  iuves- 
tiKatiuii  uf  the  adeiiuaey  uf  welded-lnaun  fal>rieiil iun 
and  Ix'iun  splices.  Other  [lo-ssilile  studies  uf  interest  to 
I h(' desij^uer  inelnde  (I  I uitlimnni  i)relieal  ienii>eratures 
partieulariy  fur  lliiek  inali'rials;  ('Ji  inllnemi'  uf  the 
I)roi)erties  and  urade  uf  steel  un  the  elTeel iveness  uf 
dilTereni  types  of  eloetrudes;  ('A)  further  study  of  the 
elTeet  uf  hydru(;en  ami  inuislure  I'unirid  of  eleetrudes; 
(4)  alternate  designs  uf  hull  splices  in  heains;  ( a)  r«‘sisi- 
ance  to  fracture  at  low  leniperaliires  uf  hnih-np  heanis 
with  heavy  llant;es  and  wch-llanne  fiilei  welds. 
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PART  III.  MII.L  PHACn  iCK 

HoUing  /'rnWi'rc.  ,\11  iiiRol.s  were  rolletl  huttom  first. 

The  liiRots  in  each  heat  were  numbered  in  the  order  of 
rolliitR.  'I'liis  also  indicates  the  relative  order  in  which 
they  were  jtoured,  hiil  not  their  position  in  the  heats. 
On  heat  34J33.3,  ingots  I through  h eorre.spond  to  in- 
gots ,"j  through  ff  of  the  15  ingots  ])oured.  On  Heat 
d.5.I27'.J.  ii.gots  1 through  10  eorresiiond  to  ingots  .5 
tiinmgli  14  of  the  1!)  ingots  poured. 

Cutting  Pnwticv.  Five  28-ft  beams  were  cut  from 
eaeii  ingot.  Only  the  bottom  five  multiples  of  each 
ingot  were  apitlietl  to  this  order. 

4-ft  test  i)ieee  wtis  cut  from  the  tu])  iturtion  of  the 
hot  tom  (f\)  cut  of  the  third  ingot  rolled  on  each  heat 
(ingot  No.  7 on  holh  heats'). 

Hot  linl  l‘rnrtirr.  'riie  heains  were  plaeed  on  one 
hot  IhmI  (apimiximale  eniiaeity  100  beams')  with  the 
flanges  toe  to  toe  (web  \ertieal).  This  is  the  eonven- 
tiontil  prucediire  fur  eouling  heanis  of  this  section.  Only 
one  hot  bed  was  utilized  in  cooling  to  enhaitee  accuracy 
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hli'iilificntion.  I'iach  beam  wa.s  stamped  on  the  flange 
«lireetl\'  uho\e  the  web  with  the  heat  number,  ingot 
number  (order  of  roll)  and  cut  number  {E  through  .4. 
botloin  to  to])). 

Slraightnnng.  'I'he  heains  were  gag  straightimed 
when  cold  to  eommereinl  tolerance. 


I 


SiMi  killed  heat  ho.  Z5’i  30’  INGOT 

••  ..-.O'-UIT,  «»V„0 


’ [”'  r ‘*1 1‘°'  I *°i  p 


, !»'  I 1“'  Iso  “I  1”'  I “I  1“'  I ,“l  ' 

^ rToT  ~^  I”'  I ‘°l  i"'  I "I  FT^  • 

sci  fioi  I 5o]  [SCI  ] «c]  ri«i  I til  m;  f~  •*)  „ 


L 


AC-SI.KILLCO  HEAT  NO  35^172  23’i3«’  tHQOT  (HOT  TOA) 

7«  lA'-O'MULTt  AA^lCO  ►.4  0*«f  • 

I'"..  I ..'‘I  i'°v I « '°i  . "I  !'•'  I "1  » 


’ l“»l  F 


•o|  ; tc< 

__1  L_! 


SCI 

Jfl  fiOl  J 

“To!  flcT-] 

SCI 

1 » 1 " 

|t1  m I 

FTF 


!'•'  I »1  • 

^LLZ]  FTF  ' 


l!!kJ 


ZI  [!!^ 


3 F~H3  • 

3 l*“  I “I  [**'  1 **|  (**'  [ *‘i  » 


3 FTTF  FJT;73  F7T;F| 


. rsr— 1 — ill  1 

s 

• 

o 

I «cl  [Ml 

1 — 

(«A. 

• 1 9T  Ut  I 

* 1 » 1 

Jia_l  L__ 

Iso  1 

IV 

Z3E 


i3  nTk^l  F 


\E1 


SZE5  [!SZ!1  (!5 


“ST 


] 1'^*'  i«"3  ftp;? 


LECtNO  R i4-o‘«CKMt  atjccrco  (<xc<Moirt<Mi*«  Nccctt*«*i 

T 14  crrctr  mam  alm  location  oa  a'  o*  rctt  N«ccts 
SF  lA-O'tCAMt  tAfCiALLT  fAtAtCATCO 
SO  lO*  O’tCAMS  WITH  tLH>Hr  OCACCtS 

Fiu.  26  Statit.H  of  HruiiiA— i oivvr.^ity  l*n»Jert 


l nspiCtion.  .Ml  Iu>jiiii.-i  wciv  cniTlulls'  iii.-iiH-ctiMl  for 

.surface'  (Icfi'cts,  laiiiiuat ion.s,  .st  niisilitiu'.ss  and  U-nulli. 

Pilhu).  The  .1,  li.  ('.  D,  and  /•.' eiit.s  of  each  heat  were 
[)il(‘d  in  .separate-  lifts  and  stored  iiiide-r  eove-r  fe>r  future- 
use  as  re-eiue-.'te-d  li.\'  the-  Stnietiiral  Ste-e-1  ( 'eemiuitle-t-. 

Finiire  'Jti  sinews  the-  status  eef  e-ai-h  lee-eim  rolle-el  feer  the- 
('oluiiil)ia  rnive-rsit.N’  I’reeje-e-t. 

I*.\KT  IV.  F.\BKI<;.\TION  OK  HKAMS 

Srlirliiiii  Ilf  liriiws.  The-  tee-ains  Iroin  lle-.-it  d.5J272 
we-re-  ele-sinnateel  for  spe-e-ial  fiilerieatioii  ley  tlie  Struc- 
tural Ste-e-l  (’emuuittce-  of  the-  Weldiui'  He-.s-e-are-li 
(’ouue-il.*  l-'ollowiiiK  is  tlie-  we-ldiun  proee-ehire-  use-el  in 
the-  fahrii-atioii. 

Fillrr  Mrtiil.  Hoot  I'as.se-s:  *,',v--iu.  eliam  .WVS- 

.VS'l'M  K601  1 wrldinn  roel.  Stde.seciue-iit  Fasse-s;  ’/le-iu. 
iliam  A^\’S-.\S'r.M  l'i()02t)  we-hliuir.  reeel. 

Procnis.  ,\re-  we-lde-el. 

Equipment.  The  supply  eef  weleliiin  e-iirre-eit  wjis  pree- 
vielcd  hy  a 'eOO-amp,  2r)-e-ye-lc  a-e-  trausfeermcr. 

Position  of  Welding.  lioams  were  inouttteel  in  a 
s|K-eially  e-eenstriie-teel  peisitiemiiin  ele-vie-e.  This  per- 
mitted the  h(!anis  tei  bee  re)tale-el  aheeut  their  lemgitudiiial 
axis  .see  that  weleliiig  eaitilel  be  eleene  in  the  flat  peisitioii. 

Preparation  of  Base  Metal.  The  web  aiiel  flange  .sur- 
faee.s  tei  be  joined  by  welding  were  be\-eled  by  niaerhinc 
Hatue  eatttiiig  tee  the  lines  anel  diineusious  showivon  the 
Betbhiliem  Ste-el  Cee.  Drawing  Xfe.  DL-107-‘/«  (««? 
Kig.  7). 

Taeking.  The-  Hange.s  we-re-  taek  welde-el  (about  \ in.) 
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at  feeur  peeints  !ls  sheewn  in  Detail  A,  Fig.  27.  The  tacks 
we-re-  plae-cel  e>ii  the-  emter  flange-  snrfae-e  atid  were  re- 
nnet e-el  by  geeiiging  prieer  tee  plae-ing  Pass  3 as  explained 
in  the- paragraph  Fiange-Jeeint  W'elehng  below. 

Well-Joint  Welding.  The-  web-jeeint  was  welded  fir.st, 
with  eeiie-  eipe-rator  leerforiuing  all  the  welding.  The 
se-epie-ne-e  anel  eiiree-iieeii  eef  weleling  is  shown  in  Detail  B 
in  Fig.  27.  lieeot  )>as.ses  1 atid  2 were  made  using  a 
‘ w-iit.  eliam  F.601 1 we-leling  reed.  Pa.ss  3 which  was 
inaeie-  with  a ^ i6-in.  eliiun  K(e020  welelitig  rod  completed 
one  siele*  eef  the  web  jeeint.  The  beatn  wa.s  then  rotated 
ISO  ele-g.  .After  back  geeuging  tee  .seennd  metal,  Passes  4, 

and  6 were-  niaeie  with  the  ’/ite-in.  eliam  F6020  welding 
reeel  tee  e-e)m|)lcte-  the  welelment. 

'Phe-  e-eejee-el  heeles  at  each  enel  eef  the  web  were  hanel 
bnrne-d  bae-k  tee  assure  seennel  metal  at  the  end  of  the 
welel. 

Flange-Joint  Welding.  The  .seqnene’e  anel  direction 
eef  welding  is  shown  in  Detail  C iti  Fig.  27.  Root  Pass 
Bl-Hl.A*  was  jelaced  een  the  underside-  eef  the  flange  using 
the-  ‘/sz-in.  eliane  KOOll  welding  renl.  Pass  B2-B2.A 
was  then  plae-e-el  using  the-  \^6-in.  eliam  F6020  welding 
reeel.  The-  beam  was  reelaieel  180  iieg  and  leai-k  gouged 
tee  .seeunel  metal.  The-  eeut.side  of  the  flange  was  theti 
e-ennplete-d  by  plae-ing  Pa.sses  .A3,  .A4,  .A5,  A6  and  --\.7 
with  the  ^^(l-in.  diani  l-il)020  welelitig  rod.  The  beam 
wa.s  again  reetateel  180  deg  and  Passes  B8-B8.A  atid  B9- 
BO.A  were  maele  een  the  underside  eef  the  flange  with  the 
Vu-in.  eliam  F6020  welding  rod  tee  ceeinplete  the  weld- 
metit.  The  satne  proe-ediire  wa.s  used  in  welding  the 
opposite  flange  joitit. 

The  overflow  metal  at  each  of  the  four  flatige-joint 
eelges  was  back  gouged  to  soutiei  metal,  welded  anel 
hattd  ground  len'ol  with  the  fiatige  edge. 

Special  Healing.  Beatns  7A  atid  81-^  were  preheated 

* PiwLCK  OH  tbt*  untlcrNido  of  the  fltinRC  wrre  msiio  in  two  p»rt«  (Detail  C. 

Fir.  27).  For  tixamplor  The  lira!  part  of  l*tw8  1 waa  made  from  (he  AtartinR 
point  toward  (he  Hansr  i'iIri*  m*  imlicateii  hy  (lie  arrov.*  HI.  The  second 
part  of  FasM  1 was  made  from  the  opp<i«it«‘  llaiige  f«lKc  (o  thr  slarting  point 
of  HI  An  indirat  ihI  hy  * he  iirrow  /fl  .1 . 
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and  wpldpd  at  an  iiitprpass  (pmppratnrp  of  350“  F 
(mpa'^urpd  by  T('mpilstik).  Bpams  7A1  and  7Kl 
wprp  strpss  rplipvi'd  siib.spqupnt  to  wpldliiR  and  prior 
to  shipmpnt.  Tlip  stress  rplipx  iiiR  coiisistc'd  of  heating 
4o  !150“  F,  hold  2 hr,  furiiare  pool  to  500°  F and  air 
pool. 


PART  V 

Results  of  physical  fe.sts  made  at  the  mill 
chided  with  data  shown  in  Tables  2,  3 and  4. 


are  in 
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